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LETTERS OF TRANSMITTAL

APRIL 20, 1981.
To the Members of the Joint Economic Committee:

Transmitted herewith is a report entitled "Pursuing Energy
Supply Options: Cost Effective R. & D. Strategies." This report was
prepared at the request of Senator Lloyd Bentsen by the Congres-
sional Research Service. It evaluates some 31 unconventional and
conventional energy supply options to determine the most cost-
effective Federal R. & D. options for maximizing energy production
in the years 1990 and 2000.

The report by 16 CRS analysts was coordinated by George Tyler
of the committee staff. Preparation of the report was under the
general direction of L. Harold Bullis, Specialist in Science and
Technology, who was assisted by Langdon T. Crane, Jr., Specialist
in Science and Technology, Lani H. Raleigh, Specialist in Aero-
space and Energy Systems, and John J. Schanz, Senior Specialist in
Resource Economics and Policy. Authors of individual chapters of
the report are indicated at the start of each chapter.

Sincerely,
HENRY S. REUSS,

Chairman, Joint Economic Committee.

APRIL 15, 1981.
Hon. HENRY S. REUSS,
Chairman, Joint Economic Committee, Congress of the Uniited
States, Washington, D.C.

DEAR MR. CHAIRMAN: I am pleased to send you the report enti-
tled "Pursuing Energy Supply Options: Cost Effective R. & D.
Strategies." This report was prepared at my request by the Con-
gressional Research Service of the Library of Congress and includes
contributions by 16 CRS analysts and specialists.

The report is designed to pinpoint the Nation's most cost-effec-
tive domestic energy supply R. & D. opportunities. In a path-
breaking effort, these analysts evaluated the present status and
future prospects for some 31 conventional and unconventional
energy supply options ranging from oil and coal to solar and nucle-
ar energy. Future energy production in the years 1990 and 2000 for
each of these options was determined based on the most practical
and feasible projected Federal R. & D. programs. The results en-
abled the authors to identify domestic sources most subject to
increased production as a result of further research.

This major analytical work will be of particular value to Con-
gress and the Administration in efforts to identify those energy
supply choices that will yield the Nation the greatest and fastest
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payback per Federal research dollar. In determining the most cost-
effective Federal energy R. & D. options, the report stresses the
great difficulty in achieving energy independence. It makes no
recommendation whether that goal is realistic, but urges that a
variety of the most promising options be pursued simultaneously to
reduce our dependence on foreign oil.

The report contains some surprises. The most promising and
cost-effective domestic sources of additional energy supply are
heavy oils too thick for extraction with traditional technology,
unconventional gas now trapped in coal, sandstone, and shale rock,
and alcohol fuels. By 1990, the report projects that these three
sources could be producing new energy supplies containing the oil
equivalent of from 2 million barrels to 8 million barrels daily.

The authors discuss these and many other supply options in
detail in an effort to improve the quality of debate regarding our
energy future. They avoid the use of technical jargon and present
this important material in a clear and accessible fashion. I believe
they have enabled Congress to focus much more sharply on the
energy choices we face.

The views expressed in this report are those of the authors and
do not necessarily represent my views or the views of any other
member of the Joint Economic Committee.

Sincerely,
LLOYD BENTSEN,

Member, Joint Economic Committee.
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SUMMARY *

I. INTRODUcrION

Considerable attention is now being focused upon the Nation's
increasing dependence upon imported energy supplies and the
effect of such imports upon the Nation's economic and strategic
health. Much discussion has centered around prospects for reduc-
ing this dependency in the future and the means whereby such a
reduction might best be achieved. It now appears clear that nosingle solution is likely to present itself; rather, the near and mid-
term solution appears to be a complex mix of continued use of
conventional energy supplies, development of a variety of domestic
alternative energy sources, a reduction in overall energy growth
requirements through a variety of conservation and efficiency tech-
niques, and-at least for the foreseeable future-some degree of
continued dependency upon foreign imports of energy fuels. The
primary question, then, concerns the nature of this complex energy
mix and how its composition may be changed favorably by actions
that can be taken now. This report focuses upon one aspect of this
question: how can the Nation best allocate its finite research and
development (R. & D.) dollars to achieve the greatest reduction in
energy dependency by the years 1990 and 2000 at the least possible
cost, consistent with existing social, political, economic, and envi-
ronmental constraints?

Energy is not only ubiquitous, it can be captured, transported,
and eventually used in a variety of ways, thereby providing a
variety of energy supply and use opportunities. Availing ourselves
of any such opportunities, representing a major departure from
past energy practices, that can significantly increase the domestic
supply of energy, or that can significantly reduce the energy inputs
now required by the U.S. economic system, clearly will require a
major commitment to R. & D. This commitment will involve not
only the development and testing of the more promising new
energy technologies at scales that approximate commercial activi-
ty, but also will involve the cost of introducing such technologies
into the mainstream of U.S. energy production and use.' Thus, the
central problem is to determine what approaches to increasing
domestic energy supplies best justify major Federal support. Con-
sidering the large number of possible choices, it appears unrealistic
to attempt to pursue each with equal vigor. Since only a few are
likely to make major contributions in terms of adequacy of return
on Federal R. & D. investment, it is necessary to identify those few
and thereby concentrate upon a manageable number of alterna-
tives.

:Summarized by L. Harold Bullis, specialist in science and technology.
'A willingness to make such a commitment is evidenced by recent enactment of Public Law96-294, the Energy Security Act.
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In making these choices, the relative attractiveness of each new
technology should be to a considerable extent a reflection of both
the level of expectation for adding to U.S. domestic energy produc-
tion (or reducing the amount of primary energy input required)
and the Federal support now considered needed to make that
occur. From the viewpoint of Congress, the larger this ratio the
more attractive the project becomes. While a ranking of this type is
not a precise or absolute indicator of what are good or bad R. & D.
ventures, it is a process that provides some useful insights. Obvi-
ously, given the judgmental nature of the exercise it is important
to strike a happy medium between the optimism and pessimism
that accompanies all evaluation of new technologies.

One important constraint has been placed on the scope of this
study. Only those R. & D. opportunities that relate to the extrac-
tion, production, processing, transport, and conversion of energy
between the source and the terminal user of the energy are exam-
ined. The intent is to restrict the investigation to examining how
we can improve the supply side of our domestic energy equation. It
was recognized that a detailed assessment of a large number of
technologies would be long and costly. Hence, the analysis has
drawn primarily upon the existing expertise of the current staff of
the Congressional Research Service augmented by what the staff
could readily draw out of the extensive literature on energy supply
technology. We must also acknowledge that the results are not
only to an appreciable extent judgmental in character but neces-
sarily must deal in orders of magnitude rather than precise meas-
ures of future supply potential versus research costs. These uncer-
tainties about feasibility, costs, or rewards have been identified at
the appropriate places in the report.

Given these caveats, the report provides a general view of the
research, development, and demonstration terrain that lies ahead,
some sense of the difficulties that may be encountered in crossing
it, and a rough estimate of the magnitude of the eventual energy
yields over a future time period that has some meaning in terms of
our now foreseeable energy problems. The problem we seek to
resolve is the direction and kinds of activities that are needed
today if we are to have reasonable expectations of an improved
energy situation ten to twenty years hence.

II. MAJOR POLICY ISSUES

A capsule review of the current U.S. energy supply capability is
not encouraging, nor is an assessment of the current status of the
development of alternative sources of energy. Fortunately, energy
import dependency is not necessarily of itself fatal, as shown by the
experience of other nations that have long been-and still
remain-more dependent upon such imports than is the United
States. Indeed, the United States itself has never been self-suffi-
cient in many of its resource needs. The major policy problem
stems not only from the world's finite and dwindling petroleum
resources, but also from the rapidity with which this limited
energy capability has descended upon us, and the concurrent ap-
pearance of a petroleum producers' cartel. These developments
prompt serious concern about U.S. energy supply security.
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A major problem is that, for the first time, the United States
must operate in what is frequently a non-competitive, seller's
market in world energy. In seeking to extricate the Nation from
this situation, the Congress faces an array of difficulties. One is
time-time to decide on direction, time to legislate, time to imple-
ment, time to experiment, time to build-efforts measured in years
and decades. Another difficulty is that of determining the best use
of public funds for energy-related R. & D., and the fact that almost
any aggressive domestic energy supply program will be extremely
costly and probably run counter to many other national pressures
and programs. At present, large infusions of Federal funds run
counter to the current desires to control inflation and to limit or
cut the expanded cost of Government. We are also reluctant to
turn our backs on more than ten years of effort toward providing
for the procedural needs and meeting the costs of environmental
protection.

Dealing with these difficulties will, in most persuasive scenarios,
require large amounts of Federal funds. Although "buying" a solu-
tion is a frequent, 20th century strategy, there is the question of
whether we can afford the price this time. Government involve-
ment does not eliminate the uncertainty in our energy situation,
and it might increase the cost of the eventual answer to the prob-
lem without necessarily improving the quality of the solution or
cutting the time needed to research it. There is understandable
congressional apprehension that we may now be induced to pur-
chase a herd of energy "white elephants" requiring disposal a
decade from now. Subsidies once in place are difficult to withdraw
without creating adverse industrial and public impacts.

III. THE FUTURE SUPPLY AND DEMAND MIX

Just as there is no current certainty as to the "best" pathway to
enhancing our domestic supply situation, neither can we predict
with precision the amount of energy the United States will actual-
ly need in the future. This is a reflection of more than a normal
lack of confidence in energy demand forecasts. There is a strong
likelihood that the United States is entering a period of significant
adjustment both to higher price conditions as well as a possible
functional change in the relationship between the consumption of
energy and the general level of U.S. economic activity. The difficul-
ty of analyzing our complex energy market has been compounded
by a lack of experience in the response of energy consumers to high
prices. Consequently, few of those who have studied the problem
are willing to profess sufficient understanding of the mutual inter-
action of energy and the economy to make a rigorous forecast of
the degree and timing of the change we are likely to experience
between now and 2000. Essentially, we are still learning about the
real potential for conservation by individual consumers as well as
the impact of greater efficiency in industry.

Because of these difficulties, future supply analyses and demand
forecasts continue to provide a fairly wide range of projections and
judgments. For example, the 1979 report to the Congress by the
Energy Information Agency projects U.S. supplies for 1990 to range
from 77 to 80 quadrillion Btu's (quads). Similarly, EIA demand
projections for the same year range from a low of 88 quads to a
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high of 93 quads, increasing to between 108 and 117 quads by the
year 2000 and betwen 147 and 149 quads by 2020. Obviously, it is
unwise to rely upon a single set of projections, or upon one source
of data, for a perception of the future U.S. supply and demand for
energy. It can be even more deceptive if separate projections of
supply and demand are obtained from different sources and then
used together. Such projections are rarely linked to one another by
compatible assumptions about price, technology, and the state of
the economy. However, perhaps the essential future is that virtual-
ly all recent projections, although recognizing that increasing
energy prices are already substantially slowing the rate of growth
of demand over that projected earlier, nonetheless exhibit a con-
tinuing energy import dependency beyond the year 2000.

IV. RESOURCE OPPORTUNITIES VERSUS RESOURCE NEEDS

In general, energy is used for three basic purposes: to provide
environmental protection and comfort, to process or transform ma-
terials, or to do work. The energy form chosen is usually matched
to the energy use. Thus one kind of energy suitable for generating
steam may not be useful for propelling an airplane or may be
unattractive to the householder. It is more a question of physical
compatibility, since the final delivery costs and potential uses of
energy are also affected by the way nature provides the energy. A
diffuse, low-temperature energy source will be used in an entirely
different way than will a compact bundle of energy capable of
yielding very high temperatures. All energy is initially provided as
a free good by nature. The key variables are the costs of capture,
conversion to a useful form, and final delivery.

With regard to cost, in the past the great natural advantage of
the fossil and mineral fuels and prime hydroelectric power sites
has been the large amount of energy concentrated at a single
source point. Their present popularity reflects the fact that the
amount of effort or cost required to gather and produce their
contained energy in usable form has been relatively small com-
pared to other potential sources of energy. The total, and frequent-
ly the incremental, cost of energy from these currently preferred
sources can be extremely low, particularly if environmental threats
and costs are ignored. In contrast, for example, most forms of solar
energy, either directed or derived, normally display some combina-
tion of variability, dispersion, or low intensity.

With regard to form, it may be said that, despite man's long
history of using organic substances for energy, both fossil and of
recent origin, there still remain extensive opportunities for R. & D.
to devise new and bettter ways of converting this material from its
raw form to the most useful forms for final consumption-solid,
liquid, or gaseous. Man has also employed the fluid flows of wind,
surface water, and the tides to his advantage since pre-historic
times, although the mechanical use of these energy forms has
proved less useful in modern industrial societies. Also, the direct
use of natural terrestrial or solar heat commands obvious
attention.

With regard to delivery, it is interesting to note that the produc-
tion of electricity now consumes approximately 30 percent of U.S.
primary energy deliveries. There is a general consensus that this
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proportion will grow, perhaps reaching 50 percent by 2000. The use
of electricity, however, has one serious physical drawback: the lack
of mobility of the equipment used to generate the power. In addi-
tion, it is still costly to transport electric power over long distances
or to deliver it in small packages at isolated locations. Other major
forms of energy-most notably oil and coal-also have obvious
costs associated with transport and delivery.

V. PROSPECTS FOR FUTURE ENERGY SUPPLY SOURCES
In this study, 31 areas of nonconventional energy supply R. & D.

have been identified and are examined in terms of the future
energy that could be obtained from domestic sources beyond thatwhich current projections indicate would be produced by merely
following recent patterns of development. The 31 areas have been
clustered into 8 separate groups, and within each group each tech-
nology is discussed in terms of the current situation, an examina-
tion of the resource potential, a summary of the R. & D. effort
being made, and an identification of what may be required in time
and effort to move each energy supply technology beyond its pres-
ent pattern of development. In addition to quantifying the addition-
al energy to be expected in the time intervals specified, the obsta-
cles and uncertainties that are likely to be encountered are dis-
cussed. For completeness, background information has been given
for the major conventional energy sources that now supply the
bulk of the Nation's current energy needs.

A. Conventional Energy Sources
The conventional energy sources assessed were coal, light-water

nuclear reactors, natural gas, and oil.

1. CONVENTIONAL COAL

Coal is mined by two general methods, surface or underground,
depending upon the geological conditions. the coal reserves of the
United States total approximately 437 billion short tons, of which
recoverable reserves are currently estimated at 283 billion tons,
based upon 57 percent recovery from underground mines and 90
percent from surface mines. Identified U.S. coal resources, howev-
er, are postulated at more than 1.7 trillion tons. At present, coal
represents about 90 percent of the U.S. fossil fuel reserves but only
contributes about 20 percent of U.S. energy needs. Coal production
in 1979 amounted to approximately 770 million tons. The increased
use of coal is dependent upon the future development of new
technologies for its extraction, transport, cleaning, upgrading, and
burning in accordance with often-changing environmental con-
straints. Considerable research and development, some supported
by DOE, is now being undertaken in these areas. One of the major
factors inhibiting the increased use of coal is the need for invest-
ment of large amounts of capital. For example, to meet the goals of
the revised Project Interdependence Blueprint of about 1.0 billion
tons/year by 1985 and 1.5 billion tons/year by 1990 would require
an investment in new mines estimated at from $19 billion to $57
billion, depending upon in what part of the country the coal was
mined. Nonetheless, the use of coal is expected to accelerate, espe-



6

cially as liquefaction and gasification technologies develop to re-
place depleted oil and gas supplies in the early part of the next
century.

2. CONVENTIONAL LIGHT WATER NUCLEAR REACTORS

At present, 69 light water nuclear reactors are licensed for oper-
ation in the United States, 42 of which are pressurized water
reactors and 27 of which are boiling water reactors. These reactors
represent a total of about 9 percent of the current electric generat-
ing capacity of the United States. This compares with 11.5 percent
in the first half of 1979, and 12 percent during 1978. The decrease
is largely due to shutdowns to modify reactors in seismic risk areas
and to shutdowns relating to the Three Mile Island accident. Nu-
clear power represented about 52 Gw (gigawatts) of U.S. electricity
production capacity as of January 1, 1980. Current R. & D. pro-
grams include investigations and questions concerning reactor
safety and the disposal of radioactive wastes. It is estimated that
nuclear capacity by 1990 could range from as little as 131 Gw to as
much as 182 Gw. Similarly, estimates for the year 2000 range from
a low of 181 Gw to a high of 300 Gw.

3. CONVENTIONAL NATURAL GAS

Natural gas is closely related to crude oil and is formed under
similar geological conditions (see 4 below). Hence the search for
natural gas closely parallels the search for oil. The production of
conventional natural gas, however, is much more efficient than is
the production of oil, with recovery rates as high as 75 to 80
percent of the original in-place gas, depending upon the permeabil-
ity of the reservoir. Proved reserves of domestic natural gas totaled
194.9 trillion cubic feet at the end of 1979, and inferred reserves-
as estimated by the U.S. Geological Survey-now amount to an
additional 201.6 trillion cubic feet. In 1979, domestic production of
natural gas amounted to 19.9 trillion cubic feet. Current industry
R. & D. is concentrated upon improving drill bit design, developing
new technology to monitor hole conditions during drilling, turbo-
drill design, and improved geophysical equipment. Federal R. & D.
is directed at improving drilling and off-shore technology
systems, including research on seafloor instrumentation. Despite
this R. & D., domestic production of conventional natural gas is
expected to decline over the next several decades as reserves de-
cline. By 1990 production is expected to amount to no more than
about 17.1 trillion cubic feet/year, and may amount to even less by
the year 2000 unless many new giant gas fields are discovered-an
unlikely prospect.

4. CONVENTIONAL OIL

The search for oil begins with the use of general geological
knowledge to locate geographic areas that are likely to contain oil
reservoirs, and continues with both geological and geophysical
studies to determine the structure and stratigraphy of the area and
to help locate specific drilling sites. Similar methods are used for
locating oil offshore except that a platform is needed to support the
drilling equipment. Proved conventional oil reserves, at the close of
1979, were estimated at 27.1 billion barrels, with inferred reserves
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estimated at from 13 to 21 billion barrels. Estimates by the U.S.
Geological Survey indicate undiscovered domestic oil resources may
amount to from 42.6 to 119.6 billion barrels, for a total estimate
resource potential of from 82.7 to 167.7 billion barrels. Domestic
production in 1979 amounted to 2.96 billion barrels, far below the
amount consumed. Current R. & D., largely conducted by the petro-
leum industry, concerns drill bit design, turbodrills, and improved
geophysical sensors. Despite this research and increased explora-
tion and drilling activity, prospects for increasing U.S. production
of conventional oil in the future appear poor. The cost of explora-
tion and drilling is high, and the success rate is relatively low. It
has been estimated that it would cost almost $180 billion to drill
the number of new field wildcats believed necessary to maintain
1978 discovery levels through 1990. Thus, it appears unlikely that
additions to proved reserves will be sufficient to maintain current
production levels through the next two decades. Hence, the pros-
pects are that domestic oil production will almost certainly contin-
ue to decline beyond the 1990's, with the only possibility of revers-
ing this decline being the slim chance of many giant field discover-
ies in very remote and difficult environments. The extensive em-
ployment of enhanced oil recovery techniques cannot be expected
to reverse this downward trend.

B. Coal-Based Technologies

The coal-based technologies assessed included coal liquefaction,
high-Btu coal gasification, magnetohydrodynamic power genera-
tion, as well as various other technologies for the utilization of
coal.

1. COAL LIQUEFACTION

Coal liquefaction is the process of converting pulverized coal to
synthetic liquid fuels, either by direct or indirect hydrogenation, to
increase the proportion of hydrogen to carbon found in the coal.
Domestic coal resources and reserves are sufficiently large so as to
pose no constraint to the development of a large-scale coal liquefac-
tion industry (see section above on conventional coal). At present,
at least 11 different first- and second-generation liquefaction proc-
esses are under consideration, but thus far only experimental quan-
tities of coal liquids have been produced in the United States. The
current R. & D. strategy of DOE is to support several liquefaction
processes concurrently from the laboratory scale, through process
development units, with only the most promising processes then
being advanced to the pilot plant stage and subsequent demonstra-
tion through joint Federal-industry efforts. These testing and other
commercialization efforts are expected to increase substantially as
the synthetic fuels effort recently authorized by the Federal Gov-
ernment gets underway. Currently, it is estimated that an average
commercial production level of from 100,000 to 200,000 barrels/day
of oil equivalent could be reached by 1990, possibly increasing to
from 0.5 to 1.2 million barrels/day by the year 2000.

2. HIGH-BTU COAL GASIFICATION

High-Btu coal gasification is a process in which pulverized coal is
converted into combustible gas which has the same heat content as
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pipeline quality natural gas. In general, this process involves the
thermal decomposition of the coal followed by gasification or com-
bustion of the resulting char, sometimes under pressurized condi-
tions. Numerous first- and second-generation gasification processes
are under consideration, but thus far only experimental quantities
of high-Btu gas have been produced in the United States. Current
R.D. & D. strategy is similar to that for coal liquefaction, as dis-
cussed above. Should industrial commercialization efforts prove
fruitful, it is estimated that high-Btu coal gasification could pro-
duce from 0.5 to 1.0 billion cubic feet of gas per day by 1990.
Optimistic estimates for the year 2000 range as high as 3.3 trillion
cubic feet of high-Btu gas per day.

3. MAGNETOHYDRODYNAMIC POWER GENERATION

Magnetohydrodynamic power generation, or magneto-
hydrodynamics (MHD), is a method for converting heat directly
into electrical power, without the usual intermediate step of first
boiling water to run a steam generator. Although in principle any
high-temperature heat source could be applied to an MHD gener-
ator, present efforts are largely aimed at utilizing the technology
in conjunction with coal-fired combustors, at a potential fuel saving
of up to 50 percent over conventional methods of generating elec-
tricity from coal. At present, although no fundamental scientific
barriers to the technology appear to exist, MHD is making no
contribution to U.S. energy supplies. Individual components of
MHD systems have been built and tested, but the technology re-
mains far from commercial development. Current research on
MHD, largely performed under contract with DOE, is proceeding in
three overlapping phases: first, development and testing of MHD
core components at up to 50 megawatts thermal (Mwt); second,
scale-up of these components to a complete pilot-plant of 250 Mwt;
and third, construction of a full-scale commercial demonstration
plant generating approximately 1,000 Mw of electricity, possibly by
1987. Hence, it is estimated that by 1990 the best that might be
expected is a pilot-scale plant producing about 500 Mwt. However,
it appears possible that a few 1,000 Mw plants could be in oper-
ation by the year 2,000.

4. OTHER TECHNOLOGIES FOR THE UTILIZATION OF COAL

Four additional technologies for the utilization of coal were as-
sessed: low-Btu coal gasification, medium-Btu coal gasification,
combined cycle coal gasification, and atmospheric fluidized bed
combustion.

(a) Low-Btu coal gasification.-Low-Btu gas, composed principal-
ly of nitrogen, carbon monoxide, and hydrogen, is produced by the
combustion of coal in the presence of steam and air and has a
heating value of less than 200 Btu per cubic foot, as compared with
about 1000 Btu per cubic foot for most natural gas. During the
1920's and 1930's thousands of low-Btu coal gasifiers were in oper-
ation in the United States, but these were superceded by the more
convenient pipeline natural gas supplied by the developing domes-
tic natural gas industry. At present, the amount of low-Btu gas
being produced domestically is negligible. However, processes and
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equipment similar to those used earlier remain available commer-cially, updated and improved in some respects and modified toconform with current environmental constraints. Commercializa-
tion of these existing systems, rather than additional R. & D., isjudged to be the most crucial step at this time. The DOE projectsthat low-Btu coal gasification may amount to 0.16 to 0.2 quads by1990, and possibly as much as 1.0 quad by the year 2000.

(b) Medium-Btu coal gasification.-Medium-Btu gas, composedlargely of carbon monoxide and hydrogen, is produced by the com-bustion of coal in the presence of steam and oxygen and has aheating value of 300 to 600 Btu per cubic foot. Although more than100 commercial-size plants are now in operation overseas, nonehave yet been built in the United States, despite the fact that first-generation processes and equipment for producing medium-Btu gasare available commercially. The DOE projections for medium-Btu
coal gasification are 0.3 to 0.5 quads by 1990, and 1.0 to 4.4 quadsby 2000.

(c) Combined-cycle coal gasification.-Combined cycle coal gasifi-cation involves the low-Btu gasification of coal, following which theproduct or resulting gas is cleaned and used as a fuel for a high-temperature gas combustion turbine to produce both heat and elec-tricity. Although separate components of the system have beensuccessfully demonstrated, no fully integrated system has yet beenoperated. Substantial technical development is still required, in-cluding additional work on emission control technology. The DOEestimates of combined cycle coal gasification output are for 0.1quad by 1990 and 3.0 quads by the year 2000.
(d) Atmospheric fluidized bed combustion.-Atmospheric fluidizedbed combustion -involves the burning of coal, or other fuels, in abed of limestone, or other material, to remove sulfur and thuspermit the burning of coal in an environmentally clean manner.Heat is removed by boiler tubes immersed in, as well as locatedabove, the combustion chamber. The process is adaptable to a widevariety. of applications, including both utility and industrial steamgeneration. About 20 atmospheric fluidized bed combustion units,ranging in size from about 0.3 to 30 Mwe, are now in operation orin the design or construction stage in the United States, producinga total output of about 60 Mwe. Additional R.D. & E. appearsnecessary on industrial-scale boilers and heaters of lower cost andimproved performance and reliability, as well as on coal feed facili-ties. Nonetheless, the technology appears ready for industrial-scale

commercial prototype construction. A major difficulty to commer-cialization is the reluctance of many users to risk current produc-tive capacity to promote this still-uncertain technology, despitesavings which might accrue. The DOE estimates 0.8 quad output by1990, and 6.0 quads by 2000 for this technology.

C. Direct Sunlight Technologies
Six technologies that essentially utilize sunlight directly wereassessed: agricultural and industrial process applications, passivesolar energy techniques, photovoltaic power conversion, satellitepower stations, solar heating and cooling for buildings, and solarthermal power conversion.
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1. AGRICULTURAL AND INDUSTRIAL PROCESS APPLICATIONS

Solar collector systems for agricultural and industrial process
heat applications produce hot air, hot water, and steam ranging
from temperatures of less than 212 degrees F to greater than 350
degrees. Much of the technology for temperatures up to about 350
degrees F is adapted from solar heating and cooling systems,
whereas for higher temperatures the applications draw primarily
upon high-concentration collectors developed for solar thermal elec-
tric techniques. At present, these applications account for about 39
percent of the total energy used in the United States. However,
aside from a small commercial market for crop dryers, agricultural
and industrial solar heat applications remain insignificant. In the
industrial area, current technology can satisfy many low-tempera-
ture requirements, but for higher temperatures the technology is
not well-advanced. Past R. & D. both for agricultural and industrial
process purposes has placed primary emphasis upon developing
systems with state-of-the-art components, relying for future prog-
ress upon R. & D. now underway in other solar-related programs.
The long-term prospects for the technology appear primarily de-
pendent upon achieving lower solar system costs, and especially
lower collector costs. Should the cost problem be resolved, from 1 to
2 quads of agricultural and industrial process energy requirements
might be met by 1990, possibly increasing to 2.2 quads by the year
2000.

2. PASSIVE SOLAR ENERGY

Passive solar heating and cooling techniques are employed to
collect, circulate, and store thermal energy to heat buildings, or to
take advantage of natural air flows to cool buildings by removing
unwanted heat energy. Buildings may be classified in four catego-
ries of increasing utilization of passive solar design: conventional,
energy efficient, sun-tempered, and true passive solar. Despite the
fact that the basic design principles are well-known and that suit-
able materials are readily available, passive solar technology has
barely begun to penetrate the new home market in the United
States. A major obstacle appears to be that present building and
housing codes are not readily adaptable to passive solar design, are
difficult to change, and vary from one locality to another. Should
these problems be overcome, however, a progressive increase in
passive solar homebuilding might achieve an energy savings of
about 0.4 quads per year by 1990, and possibly as much as 1.1
quads per year by the year 2000.

3. PHOTOVOLTAIC ENERGY CONVERSION

Photovoltaic energy conversion involves the direct conversion of
sunlight to electricity by solar cells. Typically many such cells are
sealed into panels, and several panels are then electrically inter-
connected to form an "array." Arrays are either flat plate, which
absorb sunlight as received, or utilize lenses or reflectors to concen-
trate the sunlight onto the cell area. Although the industry is still
in its infancy, solar cells have been in use since the mid-1970's,
primarily at small, remote, unmanned sites. Current R. & D. is
directed mainly at reducing the cost of solar cells, now made by
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highly labor-intensive batch processing techniques. Other problems
include the lack of available systems and systems experience, as
well as the limited availability of solar-grade silicon. Photovoltaic
power is unlikely to contribute significantly to U.S. energy supplies
until it becomes competitive with utility-generated power, possibly
by 1986 should DOE programs prove successful. Consequently, its
contribution by 1990 is not expected to exceed about 0.1 quad. Its
likely maximum contribution by the year 2000 is estimated at
about 1 percent of the then-generated U.S. electrical energy ofabout 5 x 1012 kwh.

4. SATELLITE POWER STATIONS

A satellite power station (SPS) is conceived as a geosynchronous
Earth orbit satellite that would collect solar energy above the
Earth's atmosphere and convert it into electricity for subsequent
transmission to the ground, thereby avoiding the screening effects
of the atmosphere, as well as problems inherent in collecting solar
energy due to the diurnal cycle and inclement weather. Transmis-
sion of electricity is envisioned as most likely using microwaves or,
perhaps, lasers. The concept is only now undergoing feasibility
determination studies, with major concern being addressed to four
areas: environmental aspects, social aspects, comparative costs vis-
a-vis other electricity sources, and technology development. The
primary objective of current R. & D. is to determine whether or not
the concept warrants construction of a prototype SPS. The first
full-scale SPS is expected to cost about $100 billion, with each
additional SPS costing an estimated $11.5 billion. At present it
appears highly unlikely that energy from satellite power stations
will make any contribution to U.S. energy supplies by 1990 or 2000.

5. SOLAR HEATING AND COOLING FOR BUILDINGS

Solar heating and cooling techniques provide a broad range of
opportunities for utilizing a variety of solar collector systems and
building design principles to provide hot water and space heating
and cooling for both residential and commercial buildings. Active
systems are differentiated from passive systems discussed earlier in
this report (see section 2, above), by their typical employment of
electric pumps to circulate a heat transfer medium. Currently an
estimated 100,000 installations, most of which are domestic hot
water heating systems, exist within the United States and provide
an energy output of about 250,000 barrels of oil equivalent per
year. Current Federal emphasis is upon the commercialization of
existing subsystems, rather than with R. & D. to develop new
systems, and also in addressing such problem areas as subsystems
costs, quality control, overall performance, and societal and institu-
tional aspects of widespread implementation. At present, employ-
ment of solar heating and cooling is falling far below goals set by
the National Energy Act and may provide less than about 0.7
quads by 1990. The best potential contribution of both active and
passive solar energy systems in residential and commercial applica-
tions is estimated by DOE as 2.4 quad of energy in the year 2000.

71-990 0 - 81 - 2
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6. SOLAR THERMAL POWER CONVERSION

Solar thermal technology involves the use of highly-concentrat-
ing mirror configurations to produce high-temperature heat which
can then be used- directly, converted into electrical or mechanical
energy, or into a combination of these. Two basic system configura-
tions, power towers and distributed receivers, can be sized from a
few kilowatts to hundreds of megawatts. Although technical feasi-
bility has been proven and no scientific breakthroughs are needed
for deployment, the technology for both small and large-scale sys-
tems is still very much in the developmental and demonstration
stages. Current R. & D. is primarily directed toward reducing

-system and subsystem costs through enhanced performance, im-
proved collectors, higher temperature capabilities, and by gaining
utility and industry experience in field experiments. Since initial
market penetration is not anticipated until the 1985-1995 time-
frame, it appears unlikely that the technology will contribute sig-
nificantly to U.S. energy supplies by 1990, or provide more than
about 0.03 to 0.1 quads of energy by the year 2000.

D. Fluid Hydrocarbon Technologies

The fluid -hydrocarbon technologies assessed were heavy oil, oil
shale, and unconventional gas.

1. HEAVY OIL

Heavy oils are crude oils that cannot readily be extracted from
reservoirs because of their viscous resistance to flow at existing
temperatures. However; their mobility can be improved, and their
recovery thus promoted, by employment of a variety of heating
techniques: by- injecting a hot fluid, usually- steam or hot water; by
burning some of the heavy oil in place in the reservoir; or, in rare
instances, by electric heating. Domestic resources of heavy oil are
estimated at between 110 and 125 billion barrels, of which recover-
able reserves may amount to from 7.5 to 20.5 billion barrels. Cur-
rent domestic production of somewhat more than 500,000 barrels
per day is restricted primarily by economic and environmental
constraints, rather than by a lack of technology. Current R. & D. is
directed toward improving techniques for heating reservoirs more
effectively and efficiently, toward the study of additives to improve
the sweep efficiency of a steam flood, and on research concerning
the extension depth limits for steam injection methods. Production
of heavy oil is expected to double by 1990 to a rate of about one
million barrels per day, but then is expected to remain at about
this rate for the next decade.

2. OIL SHALE

Oil shale is a sedimentary rock containing various amounts of
kerogen, a solid organic material which, when heated to about 900
degrees F, decompose into hydrocarbons and a variety of solid,
largely unusable wastes. The hydrocarbons can be processed into
liquid and gaseous petroleum products, including both jet and
diesel fuels. Domestic resources of high-grade oil shale amount to
an estimated 730 billion barrels of oil equivalent, and leaner oil
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shares are estimated to contain an additional 26 trillion barrels.However, the economic feasibility of commercial-scale processingtechnology has not yet been demonstrated, and only experimentalquantities of shale oil are currently being produced in the UnitedStates. Current Federal R. & D. is directed toward improving theeconomics of oil shale processing, improving energy efficiency,achieving greater processing yields, reducing environmental emis-sions and residuals, and developing processes that may reduce therequirements for water. If commercialization of the technology pro-ceeds as now planned, an average daily production level of 60,000to 250,000 barrels of shale oil may be reached by 1990, and a levelof possibly 180,000 to 450,000 barrels per day may be reached bythe year 2000.
3. UNCONVENTIONAL GAS

Unconventional gas is usually considered as that gas occurring infour geologic environments: dissolved or entrained in hot geopres-sured waters, in joints and fractures or absorbed into the matrix ofDevonian age shales, in tight (impermeable) sandstones, and in coalseams. Estimates of total resources of such gas range from about782 to 3140 trillion cubic feet (tcf), of which about 12.7 to 13.5 tcfare considered recoverable reserves. It is estimated, however, thatimproved technology might increase recoverable reserves to amaximum of about 1400 tcf. Current production of such gasamounts to about 1.1 tcf/year, largely from tight sandstones butwith some contribution from Devonian shales. Current activity isdirected toward achieving meaningful increases in the levels of gasproduction from marginal wells and unconventional gas resources,identifying incentives to stimulate private development, and resolv-ing institutional, legal, and environmental barriers to development.However, the major requirement for commercialization is said tobe increased economic incentives. Should development proceed sat-isfactorily, production of unconventional gas could amount toroughly 2.1 to 9.6 tcf/year by 1990, declining thereafter during thenext decade.

E. Organic Conversion Technologies
The organic conversion technologies addressed were those threeexpected to provide the major energy contributions during the nexttwo decades: energy from municipal solid wastes, and ethanol andmethanol.

1. ENERGY FROM MUNICIPAL SOLID WASTES

Several processes have been developed for recapturing and utiliz-ing the energy content of the organic or combustible materialsdiscarded as municipal solid waste. Such wastes may be burneddirectly for their heat energy, with subsequent removal of non-combustible residues, or may be first separated from the non-com-bustibles and processed into so-called refuse-derived fuel, or intogaseous or liquid products, which may then be used as-or mixedwith-conventional fuels such as oil or coal. It is estimated that thetheoretical energy potential of domestic wastes produced everyyear is roughly equivalent to that of 200 million barrels of oil.However, although about 60 commercial or large-scale systems arenow either in the final planning, construction, or operational
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phase, less than about 10,000 barrels per day of oil equivalent is
now being produced in the United States. Current R. & D. is
directed toward reducing materials problems (e.g., corrosion) en-
countered in existing systems, improving the efficiency of current
operations, and advancing the current state of technology. The
current and anticipated level of industrial activity indicates that
about 20,000 to 85,000 barrels per day of oil equivalent may be
produced by 1990.

2. ETHANOL

Ethanol (ethyl alcohol) can be used directly as an automobile fuel
or can be mixed in a 10-percent solution with gasoline to provide a
fuel popularly known as gasohol, which is now being sold at more
than 1,000 gasoline stations throughout the United States. Ethanol
is produced by the fermentation and subsequent distillation of
various grains, sugar cane and beets, and-experimentally-from
cellulose. The technology for manufacturing ethanol is well-under-
stood but requires improvements to make gasohol a practical alter-
native fuel. For example, it is not yet clear as to whether the
energy content of ethanol would be significantly greater than the
energy required to produce it in the first place, even when pro-
duced in modern, efficient plants. Additional considerations, as yet
unresolved, include the economics of alcohol fuels manufacture,
automotive mileage achieved, the availability of adequate feed-
stocks, and environmental pollution. Should these questions be
resolved favorably, it is estimated that production of ethanol for
fuels from food processing wastes, grains, and sugar crops might
amount to as much as 7.2-41.2 billion gallons per year by 1990.
Should techniques for producing ethanol from wood and agricultur-
al resides prove commercially feasible, annual production of eth-
anol for fuels might range as high as 54 billion gallons by the year.
2000.

3. METHANOL

Coal, wood, or cellulose urban wastes can be subjected to physical
and chemical reactions to produce methanol (methyl alcohol) which
can then be used, like ethanol (section 2, above), either by itself or
blended with gasoline to provide an automobile fuel. However, no
commercial facilities for converting any of these materials to
methanol now exist, nor is methanol now being widely used as a
motor fuel. Current R. & D. is concerned with mechanical operat-
ing difficulties in using methanol as a motor fuel, phase separation
due to the limited solubility of methanol in gasoline, corrosion of
automobile components made from plastics or rubber, and the tox-
icity of methanol to humans. All things considered, it appears
unlikely that methanol will be available in significant quantities
for use as an automobile fuel by 1990. However, should a major
developmental effort be successfully undertaken, annual produc-
tion could reach almost 14 billion gallons by the year 2000, or more
than enough to provide a 10-percent methanol "gasohol" blend for
all the gasoline expected to be used by then.

F. Nuclear Technologies

The three advanced nuclear technologies assessed were advanced
converter reactors, breeder reactors, and nuclear fusion reactors.
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1. ADVANCED CONVERTER REACTORS

Advanced converter reactors are nuclear reactors which have
better fuel utilization than current-employed light water reactors,
but which do not produce more fuel than they consume, as do
breeder reactors. Three types of advanced converter reactors are
now under consideration: improved light water reactors, heavy
water reactors, and high temperature gas reactors. None of these
three nuclear technologies is at present making any contribution to
U.S. energy supplies. With regard to current R. & D., improve-
ments in the fuel utilization of light water reactors may be possible
by improving the design of nuclear fuels and by changing fuel
management techniques: although modifications of reactor cores
may be necessary, it is expected that the changes will be such as to
allow them to be retrofitted to existing light water reactors. Im-
provements in fuel utilization of heavy water reactors, which use
water made from deuterium as both a coolant and a moderator,
can be realized by mixing heavy water and light water in varying
proportions depending upon the age of the fuel. Improved fuel
utilization by high-temperature gas reactors, which use fuel pellets
incorporated into graphite blocks rather than long fuel rods, may
be achieved through the higher thermal efficiencies and the im-
proved burnup and conversion ratios which may be possible with
these reactors, compared with conventional LWRs. No contribution
to U.S. energy supplies by 1990 is anticipated for either heavy
water or high-temperature gas reactors. However, should it prove
possible to retrofit improvements in the design of fuels and reactor
cores to existing and planned light water reactors, a 15-percent
saving of uranium may be achievable by 1990. Possibly an addition-
al 15-percent saving may be achievable by the year 2000.

2. BREEDER REACTORS

A breeder reactor is a type of nuclear reactor which, in addition
to producing energy, is able to produce more usable fuel than it
consumes. Attention has been focused primarily upon four kinds of
breeder reactors: the liquid metal, which uses a liquid metal-
typically sodium-to cool the reactor core and for transfer of heat;
the light water, which is essentially a light water reactor with a
core designed to maximize the conversion of fertile material; the
molten salt, in which the fuel itself is a liquid; and the gas cooled
fast reactor, which uses helium gas as a coolant. The liquid metal
fast breeder reactor, the most developed of these four designs, is
now in the demonstration stage of development; primary attention
is being focused upon the testing of breeder reactor fuels and
materials, as well as the acquisition of sufficient design and devel-
opment experience to permit the construction of a demonstration
plant. With regard to the light water breeder reactor, the immedi-
ate objective of R. & D. is to confirm that breeding can be achieved
in existing and future systems. Development of the gas cooled fast
reactor, originally intended as a backup to the liquid metal breed-
er, has been terminated. Further development of the molten salt
breeder reactor, also terminated, may be re-evaluated in the light
of new concerns over the proliferation dangers of plutonium. No
contributions to U.S. energy supplies is anticipated from any breed-
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er reactor by 1990, but the first commercial breeder reactors could
become available shortly after the year 2000.

3. FUSION

Unlike nuclear fission reactors which utilize the energy that is
released by the splitting of heavier elements into lighter frag-
ments, nuclear fusion reactors would utilize the energy that is
released when lighter elements combine to form heavier elements.
First-generation reactor designs are based upon combining deuter-
ium and tritium, confined either magnetically or inertially in the
form of a hot plasma, to form helium. Resources of deuterium,
found in seawater, are virtually unlimited, and resources of lith-
ium, from which tritium can be obtained by breeding, are also vast,
although in increasing demand for other purposes. However, no
fusion technology has yet demonstrated scientific feasibility or the
ability to produce as much energy as is consumed in the process.
Current magnetic confinement R. & D. is focused primarily on
major plasma physics and technical/engineering problems. Inertial
confinement R. & D. is focused primarily upon the development of
a driver with durability, high efficiency, high energy, high repeti-
tion rate, and short pulse length, and upon the fabrication of a
target pellet which can reach thermonuclear burn. Because of the
early state of development of this technology and the formidable
problems yet to be resolved, it is unlikely to make any significant
contributions to U.S. energy supplies until at least 2040 unless the
current pace of the program is greatly accelerated.

G. System Efficiency Technologies

The major system efficiency technologies that were considered
for assessment were cogeneration, and several possibilities for
achieving conservation and efficiency in the use of energy.

1. COGENERATION

Historically the term cogeneration referred to the practice of a
power plant generating steam supplies beyond the amount needed
to make electricity, and selling the extra steam to an industrial
user. In recent years the term has come to broadly include all
types of add-on systems which increase the useful yield of power of
steam generating systems. Two kinds of systems-"topping" and
"bottoming"-predominate. A topping cycle involves the initial use
of combustion heat to power a high-temperature electrical gener-
ator, followed by use of the remaining heat to generate steam. A
bottoming cycle involves the powering of a special closed-cycle, low-
temperature generator with the residual waste heat present in the
exhaust from a conventional steam turbine, which may amount to
more than 70 percent of the original energy. Older cogeneration
techniques such as the sale of process steam and district heating
are well proven. However, the new technology of enhancing power
generation through the application of topping and bottoming cycles
is now in the research and development phase. Commercialization
will depend upon the outcome of current R. & D. to help determine
lifetime, reliability, and economic feasibility. It has been estimated
that the maximum ultimate fuel saving potential through cogener-
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ation in utility power plants is about 0.2-1.52 quads in 1990, in-
creasing to about 2-6 quads in 2000.

2. CONSERVATION/EFFICIENCY

Although energy conservation is most frequently discussed in
terms of demand, definite possibilities exist for conservation on the
supply side, as well. Within this context, demand-side energy con-
served can be considered the equivalent of new energy supplies.
Essentially, conservation becomes a matter of increasing energy
production, delivery, and distribution systems efficiencies so that
existing demands for energy can be met with minimum energy
resource requirements. As a practical matter, the bulk of the
energy consumed in the United States is employed in the form of
electricity or heat, including the use of electricity for heating pur-
poses. Most of the electrical power consumed in the United States
is produced at present by coal-, oil-, and gas-fired generators with a
smaller contribution from nuclear-fission, hydro, and geothermal
powered generators. Although prospects exist for at least some
increase in efficiency of these various technologies by 1990 or the
year 2000, no reliable estimate of the combined savings possible
through achieving these efficiencies is available. Similarly, the pos-
sibility for efficiency savings in the transmission of electrical
energy through the development of new, low-loss materials, or the
use of high-voltage AC or DC transmission lines, is attractive but
inadequately assessed. The use of coal slurry pipelines, now being
considered, may result in a saving in costs but not necessarily in
energy.

H. Other Technologies

A number of other alternative energy technologies were assessed
that do not fall clearly within the categories discussed above. These
included fuel cells, geothermal energy, hydrogen, low-head hydro-
power, ocean thermal energy conversion, and wind energy.

1. FUEL CELLS

Fuel cells convert fuel into a continuous flow of electricity by
means of chemical reactions taking place within the cells. Al-
though several chemical reactions are feasible, the fuel cells under
development today depend upon the oxidation of hydrogen to pro-
duce electricity. Fuel cells having operating efficiencies of more
than 50 percent have been fabricated, as contrasted with conven-
tional power plant average efficiencies of about 35 percent; the
maximum theoretical efficiency of a fuel cell is about 83 percent.
Since any hydrocarbon or carbon fuel can be reformed to supply
hydrogen for oxidation in a fuel cell, resources are virtually unlim-
ited. At present fuel cells are making no contribution to U.S.
energy supplies. Current R. & D. is focused upon demonstrating the
suitability of the phosphoric acid fuel cell as an on-site source of
power, and upon the thermal integration of a molten carbonate
fuel cell with a coal gasifier system. Significant energy savings by
employment of fuel cells is not anticipated by 1990, but overall fuel
savings of up to 2.5 percent in the generation of electricity may be
achievable by the year 2000.
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2. GEOTHERMAL ENERGY

Geothermal energy is generally defined as that portion of the
Earth's heat contained within the crust relatively near the surface.
Although in most areas this heat is so diffuse that it cannot be
economically recovered, in some areas it is sufficiently concentrat-
ed so as to be recoverable as steam or hot water which can be used
directly for space heating and for industrial and agricultural pur-
poses, or indirectly through the generation of electricity. Total
domestic geothermal resources, comprised of hydrothermal convec-
tion systems, geopressured deposits, hot tight rock deposits, and
magma systems, may amount to as much as 50 million quads.
However, current U.S. geothermal production of electric power is
only about 663 Mwe and less than 20 Mwt. Research activity is
concentrated upon refining and updating the assessment of domes-
tic geothermal resources; the reduction of costs and uncertainties
in reservoir exploration, development, and utilization; the develop-
ment and demonstration of cost-effective heat exchangers for a
wide range of geothermal fluids; and the development and demon-
stration of environmental impact control technology. It is estimat-
ed that if current Federal geothermal programs prove successful,
electric power generating capabilities might reach 10 Gw by 1990
and possibly 20 to 40 Gw by 2000. Direct heat applications may
amount to 0.2 to 0.4 quads by 1990 and 0.5 to 2 quads by 2000.

3. HYDROGEN

Hydrogen is now produced from water, natural gas, or coal.
Advocates of a "hydrogen economy," based upon the widespread
use of hydrogen energy, forsee the large-scale separation of water
into hydrogen and oxygen, using a non-fossil fuel energy source
such as nuclear or solar energy. The hydrogen thus produced would
be transported through pipelines and burned to provide fuel for
various needs. Since the burning of hydrogen produces water, the
technology would essentially comprise a huge closed system of
virtually infinite resources. At present, the use of hydrogen as a
fuel is limited to experimental applications. Current R. & D. large-
ly concerns various aspects of the production, storage and trans-
port, and burning of hydrogen. No significant contribution by hy-
drogen to U.S. energy supplies is envisioned until at least 2020.

4. LOW-HEAD HYDROPOWER

Hydropower is the production of electric power from rivers and
streams either by use of the water's gravitational fall or the kinetic
energy of its motion. Hydroelectric powerplants can be attractive
because they utilize a renewable energy resource and produce elec-
tric power over long service lives, although they also can have
adverse environmental and other impacts. The total physical low-
head hydropower resource of the United States is estimated at
about 16.4 Gwe. At present, low-head hydroelectric facilities (15
Mw and smaller) amount to about 3,000 Mw capacity, producing in
excess of 15 billion kwh of electric energy per year. Since hydro-
power is a fully-developed technology, low-head hydropower is
almost totally a matter of commercialization. Hence, the major
considerations being addressed include technical readiness, econom-
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ics and financing, environmental readiness, institutional factors,and information transfer. Although the contribution of low-headhydropower to current U.S. energy supplies is small, expectationsare that installed capacity may amount to about 6 Gwe by 1990and about 18.9 Gwe by the year 2000.

5. OCEAN THERMAL ENERGY CONVERSION

Ocean thermal energy conversion (OTEC) exploits the tempera-ture differences that exist between warm surface water and thecold, deep ocean water below. The total potential OTEC resource isestimated at from 100 million to 10 billion Mwe, of which approxi-mately 100,000 Mwe is considered potentially exploitable. At pres-ent, there is no on-line OTEC generating capacity in the UnitedStates. Although proof-of-concept design studies have been complet-ed using state-of-the-art technology, and although OTEC operatingprinciples are well-known, complex engineering and cost problemsremain to be solved. Current R. & D. includes the thermal perform-ance of OTEC heat exchangers and related biofouling, cleaning,and corrosion of heat exchanger surfaces; the refinement, optimiz-ation, and further engineering development of systems and subsys-tems; and study of possible adverse environmental effects. It is notanticipated that OTEC will make any significant contribution toU.S. energy supplies by 1990, but could contribute as much as 3Gwe installed capacity by the year 2000.

6. WIND ENERGY

A wind energy conversion system is any machine or device utiliz-ing the energy of the wind to produce mechanical energy whichthen can be used directly as an energy source or which can beconverted into electrical energy. In addition to traditional wind-mills, the technology includes many different forms of wind ma-chines that turn on horizontal or vertical axes. Although wind canbe considered a virtually limitless resource, an upper global limitof about 1.3X105 Gw has been estimated as the total maximumextractable wind power, of which about 2,000 Gw is estimated asbeing available within the continental United States. At present,total DOE wind program installed and operating capacity amountsto almost 3 Mw. Although commercialization of wind energy tech-nology does not depend upon any major technological break-throughs, technical, and engineering developments are needed tolower the capital, maintenance, and operating costs. Current R. &D. involves the development of both small (less than 100 kw) andlarge (100 kw or greater) wind machines; investigating wind energyapplications; evaluating national and local wind resources, andassessing problems and marketing strategies. Large wind systemsmay supply about 0.19 quads of energy by 1990, plus an additional0.11 quads from small systems. Expectations for the year 2000 arefor about 2.0 quads from large machines and an additional 0.32quads from small machines.

VI. ANALYSIS AND DISCUSSION

This report has examined an extensive array of energy technol-ogies that offer a diversity of opportunities to tap new domestic
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sources of energy, to increase the reserves to production ratio of
our resources, or to improve the efficiency with which we process
and deliver energy to the ultimate industrial or individual consum-
er. The picture revealed is a complex montage of quantities of
energy, time elements, and private and public expenditures. In
view of this complexity, the question is: where do the various
research activities described in the report fit into our future energy
picture?

To facilitate discussion of this question, the technologies were
first grouped according to the primary form of the original source
of energy, e.g., coal-based, direct sunlight, fluid hydrocarbon, and so
forth. Consideration was then given to the quantity of energy in
customary units, tons, barrels, kilowatts, or Btu's that ultimately
may be available using the technology. Clearly, many of the energy
resources and their technologies are already part of the Nation's
developed energy capability: consideration was therefore given to
what portion of the resource potential is currently developed either
in terms of capacity (for flow resources) or as known reserves (for
depletable resources). Considerable attention was then given to
various estimates that have been made as to the level of energy
output that might be anticipated in the years 1990 and 2000, based
upon the research, development, demonstration, and commercial-
ization now being undertaken or contemplated. Finally, the various
technologies were considered in terms of the relative level of feder-
ally supported R.D. & D. that might be required to bring them to
the levels of contribution to U.S. energy needs variously predicted
for them within the time frames indicated above.

Considered in this way, two kinds of technology "exceptions"
became evident: first, those that are not believed likely to repre-
sent commercially-viable energy options by the year 2000; and,
second, those which-for various reasons-probably will not receive
significant future Fedetal R.D. & D. support. These two categories
of technologies are indicated below:

I. Little or no anticipated contribution prior to 2000 but
requiring Federal support-

Breeder reactor,
Fusion,
Hydrogen, and
Satellite power stations.

II. Significant contribution by 2000 anticipated but future
Federal R. & D. support considered negligible-

Cogeneration,
Conservation/efficiency, and
Passive solar.

With regard to those technologies given in I, above, it is difficult
at this point to make refined economic judgments about their long-
run potential, and at best their future contributions will result
from research that, for the most part, takes us past the year 2000.
Hence, assessment of the potential contributions of these four tech-
nologies was considered outside the time frame of the present
report.
- With regard to those technologies given in II, above, the need for
Federal R. & D. would appear to be negligible or non-existent;
rather, the situation would seem to require private investment of
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time and money to determine on an operational basis whether thepossibility for improving the efficiency of their supply or deliverysystems in a certain way will prove economically attractive andreasonably reliable. Thus, the question appears not so much one ofresearch, but whether an individual or a firm will be sufficientlyattracted to try these approaches, i.e., in all of these cases, theintroduction and evolutionary refinement of the technologies wouldappear to require the normal involvement of manufacturers, pro-ducers, and consumers, rather than the expenditure of FederalR. & D. funds. Hence, the assessment of the potential contribu-tions of these technologies was not considered germane to this
report.

It should be emphasized that the above comments concerning thetechnologies included in I and II, above, in no way represent adismissal or downgrading of the potential contribution these tech-nologies might make to future U.S. energy supplies. ContinuedFederal R.D. & D. support may well be justified for technologiesgiven in I, and continued private-sector support may be forthcom-ing for technologies given in II. No judgment of the merits of suchsupport, either Federal or private, is intended here. Further, itshould be noted that, were policies adopted to further their rapiddeployment, some of the technologies now placed in Category I-especially the breeder reactor-might well be treated instead underCategory III, discussed below.
The remaining 23 technologies were then grouped-as shown inthe following table-according to whether their estimated energyreturns by the year 2000 were likely to be large, moderate, or smallfor a limited, moderate, or extensive Federal investment. Theseestimates of both possible energy returns and extent of Federalsupport are of course qualitative judgments of a somewhat arbi-trary nature and simply represent a "best guess" as to what ourfuture course of action may be, based upon the information givenin each of the individual technology chapters.

ESTIMATED RETURN ON INVESTMENT FOR TECHNOLOGIES REQUIRING SIGNIFICANT FEDERAL SUPPORT
(CATEGORY 111)

E rtent of Federal R.D. & D. support req uired
Limited support Moderate support Ex tensive supports

Large ........ Heavy oil
Unconventional gas

Moderate ........ Combined-cycle gasifier Advanced converter reactors Coal liquefactionEthanol and methanol 2 Agricultural and industrial Photovultaic energy conversio n
Low- and medium-Btu coal process heat applications

gasification Fluidized bed combustion
Solar h eating and cooling of Oil shale

buildings
Wind energy

Small .Energy from municipal solid Fuel cells (3)wastes High-Btu coal gasificatio n
Geothermal energy Magnetohydrodynamic power
Low-head hydropower generation

Ocean thermal energy conversion
Solar thermal power conversion

Without extensive Federal 0.D. & D. support and a commitment to commercialization by Ohe year 2000, the technologies tisted in this columnmight well have b een placed in category I of tabl e 1 3, rather than in categ ory l.Comb ined mid-range estimate (s ee table 12) .u ppe r estimate woul d ptace these tecturolgi es in the large-retum category.were policies to be adopted to accelerate their rapid deptoyment, some of the technologies now lsted in category I of table 13-the breederreactor in particnlar, and possibly satell ite power s tao ns-might welt b e tisted here, instead, under category tt.



22

Considering first the technologies listed in the table under "Lim-
ited Support', the group includes heavy oil, gas from unconven-
tional sources, the combined-cycle gasifier, alcohol fuels (ethanol
and methanol), low- and medium-Btu coal gasification, solar heat-
ing and cooling for buildings, wind energy, energy from municipal
solid wastes, geothermal energy, and low-head hydropower. Several
of these technologies have a number of factors in common. Quite
striking is that most of them are not new-we are well along the
learning curve for many of them. Drilling for oil and gas and the
movement of fluids in the reservoir have been studied for many
years. The production of alcohols-and especially ethanol-from a
variety of raw materials, as well as their combustion in internal
combustion engines, is familiar technology. We have been using
wind power for centuries, and its conversion to electric power is a
simple process. Although these technologies require some further
research, the primary need is to demonstrate that they have com-
mercial utility in today's energy markets. This should not involve
large expenditures of Federal funds over an extended period. Sub-
stantial private sector involvement can be expected, first in re-
search and later in product commercialization once the technology
is shown to be usable. Finally, the energy sources being tapped are
of appreciable size, so that the amounts of energy that each could
contribute by 1990 or 2000 is significant. Thus these technologies
possess all of the key factors-resource magnitude, familiar tech-
nology, potential for a competitive cost level, and good timing-
that make likely the prospect of a moderate-to-large energy return
for rather limited Federal support.

For several other technologies listed under "Limited Support,"
the key factors also tend to be mostly favorable but the combina-
tion appears less strong. For example, the combined cycle gasifier
would appear to be a good prospect but has the disadvantage of not
being quite as familiar a technology and may have some limits in
its early applications. In contrast, low- and medium-Btu gasifica-
tion are already "on-the-shelf" technologies that merely need some
demonstration efforts. However, there may be restraints on the
general utility of this quality of gas as an industrial fuel. Solar
heating and cooling techniques are also well-known and may prove
useful, but their widespread application still faces a number of
institutional, rather than technological, obstacles. Solid waste con-
version seems to have some favorable combinations of economic
factors, but its operational feasibility in actual urban settings
needs to be further established, and the total resource recovery
potential has upper bounds. Geothermal heat and the use of our
remaining undeveloped low-head hydropower both suffer from
either the availability or usability of specific sites. Other than a
lack of experience in finding and developing geothermal resources,
neither of these two relatively lowgrade energy sources seem to
require a "pure" research effort. Thus, although none of these
technologies would appear to require more than limited Federal
support, the above factors may serve to preclude more than a
small-to-moderate energy return for that support.

Considering next those technologies included under "Moderate
Support", we encounter technologies definitely less familiar or
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well-developed than are those of the above group and which for
various reasons imply the need for considerably more Federal sup-
port if they are to be developed. For example, the improvement of
future light water nuclear reactors involves achieving a higher
performance factor in the operation of the plant and the use of the
fuel charge. Better reactor design would enhance our efficient use
of uranium resources as well as reduce costs. However, this kind of
contribution to supply is limited both by the number of reactors
that might be involved by the end of the century as well as theo-
retical limits to achievable uranium burn-up. Agricultural and in-
dustrial solar process heat require a definite research investment
to demonstrate their usefulness, but even if proved usable there
are limits on where such low grade heat will be useful. While oil
shale technology is not new, it has never been tested on a commer-
cial scale. The pace of its development, plus the large front-end
expenditures, seems to suggest the need for rather deliberate prog-
ress over an extended period of time. Fluidized-bed combustion,
like the combined-cycle gasifier discussed previously, also appears a
good prospect but suffers the disadvantage of lack of familiarity
and possible limitations in its early application. The fuel cell has a
very limited potential for producing commercial energy by 2000,
and the planned R. & D. funding is not very large. Thus, these
"Moderate Support" technologies-although considered as poten-
tially requiring significantly greater federal support than the
"Limited Support" technologies-may, over the next two. decades,
at least-involve a somewhat lesser energy return.

Finally, we consider under "Extensive Support" those technol-
ogies which, if pursued, appear to require the greatest Federal
support but which, at least by the year 2000, may yet provide
commensurate energy returns. With one exception, the group re-
flects primarily the large amount of Federal R. & D. support
needed to achieve future production of competitive energy. More-
over, the prior experience with these technologies, while not neces-
sarily totally new, does not include familiarity on a large commer-
cial scale. This is true for coal liquefaction, high-Btu gasification,
photovoltaic conversion, and solar thermal conversion. In the case
of magnetohydrodynamic power generation, a large amount of
research is required to move the state-of-the-art from its present
basic level through plant demonstration. In addition, long lead
times may prevent any significant amount of energy output by
2000. Ocean thermal energy conversion is the one exception. In this
case the amount of funds needed to demonstrate its feasibility is
not as great as for the others in the group, but the potential
contribution by 2000 would also appear to be relatively modest.

In considering the future potential of these technologies, it is
obvious that in some situations a rather small amount of Federal
support, coupled with an important effort by the private sector,
may yield large energy rewards in the next twenty years. Also
important are efficiencies that might be achieved in our supply
stream that, while not actually providing new energy supplies,
nonetheless make possible the use of less of our original energy
resources in producing and transmitting energy to the ultimate
user. Finally, some R. & D. efforts perhaps should be pursued
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cautiously because the requirements for Federal support may be
large or expectations may turn out to have been exaggerated.

It is unlikely that any single one or combination of these technol-
ogies can satisfy all of the Nation's energy needs by 2000, no
matter what the outcome of our R. & D. efforts may be. Hence, a
variety of efforts will no doubt continue to be required. Thus, it
would appear most likely that much of the familiar resource/
systems pattern that currently supplies the bulk of our raw energy
supplies will still remain visible as we enter the next century.



INTRODUCTION *

I. PURPOSE AND BASIS OF THE STUDY

The American people and the Congress have always had greatconfidence that the engineering and scientific capabilities of theUnited States can rescue the Nation from threats to national secu-rity or to the general economic welfare. While this faith has fre-quently been rewarded by remarkable achievements in the past, itis still recognized that the process of research and development isdifficult to manage. Goals are not always achieved, results are notalways predictable, and the price tag can be large. Given theseconditions, normal prudence demands a careful review by Congressof current research and development (R. & D.) investments regard-ing how they might provide more future domestic energy, keepcosts down or achieve greater technological efficiency. While wemay now be prepared to accept the high costs and uncertainties ofenergy research, there is still a need to leaven our national mix ofR. & D. ingredients with some forethought as to the best strategyto be employed. In essence, we should attempt to array governmen-tal support of R. & D. in a manner that is most likely to enhanceand replenish our energy supplies while minimizing our total re-search effort and remaining sensitive to environmental degrada-
tion.

Energy is not only ubiquitous, it can be captured, transported,and eventually used in a variety of ways. This provides us with alarge menu of energy choices. This study attempts to identifyamong the various energy supply opportunities, the various respec-tive expectations for contributing to the future U.S. energy situa-tion. As much as knowledge permits, the focus of our attention ison the specifics of relative cost and timing. There is a variety ofcosts to consider beyond merely the invention of a new technology.There is also the cost of developing and testing the more promisingnew technologies at scales that approximate commercial activity.Finally there is the cost of introducing a new commercial technol-ogy into the main stream of American energy production and use.The duration of this sequence varies in length, and each technologyis situated differently.
Any major departure from past energy practices that can signifi-cantly increase the domestic supply of energy or reduce the energyinputs required by the U.S. economic system is likely to requireresearch and development programs measured in decades. There-fore, the years 1990 and 2000 have been chosen as break pointsalong the way from how we currently supply ourselves with energytoward that time when measurable changes resulting from re-search already well along toward actual employment can be expect-ed. Looking beyond 2000, we also examine those less mature tech-

*Prepared by John J. Schanz, senior specialist in resource economics and policy.
(25)
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nologies that may make a difference in the next century. For these,
the objective has been merely to identify the resource opportunity
plus the kind of basic research that is underway or needed now if
the option is to be pursued.

The threshold question of what promises to have important
enough impact on the U.S. energy supply stream in this century to
justify current major research expenditures from Federal funds is a
crucial one. From an array of choices, we need to select and con-
centrate on a manageable number of alternatives. This objective is
to avoid continuing expenditure of time and public funds in exam-
ining and pursuing with equal vigor all of the many energy alter-
natives when only a few are likely to make major contributions as
a return on the Federal R. & D. investments. The relative attrac-
tiveness of each new technology should be to a considerable degree
a reflection of both the level of expectation for adding to U.S.
domestic energy production (or reducing the amount of primary
energy input required) and the Federal support now considered
needed to make that occur. Obviously, given the judgmental nature
of the exercise, it is important to strike a happy medium between
the optimism and pessimism that accompany all evaluations of new
technologies.

One important constraint has been placed on the scope of this
study. Only those R. & D. opportunities that relate to the extrac-
tion, production, processing, transport, and conversion of energy
between source and the terminal user of energy are examined. The
intent is to restrict the investigation to examining how we can
improve the supply side of our domestic energy equation. This
emphasis recognizes the essential difference between: producing
and consuming technologies; the economic motives at work; and
the means of effecting the technology transfer. Thus, in this report
conservation of energy is treated as it relates to the search for
greater efficiency in producing, transporting, and processing energy
rather than addressing such issues as how R. & D. might reduce
residential consumption of fuel oil or improve automotive perform-
ance. To illustrate further, fuel cell research to develop units for
producing electricity in individual residences is within the purview
of this study, but the search for new building materials to reduce
heating costs is not. This important parallel question of the most
effective use of public expenditures on research for improving
energy consumption needs to be examined independently. In sepa-
rating these R. & D. tracks we are not minimizing the importance
of conservation in use as a particularly effective strategy in the
very near term as well as its importance over all future periods.

It was recognized that a detailed assessment of a large number of
technologies would be long and costly. Hence, the analysis here has
drawn primarily upon the existing expertise of the current staff of
the Congressional Research Service augmented by what the staff
would readily draw out of the extensive literature on energy supply
technology. We must also acknowledge that results are not only to
an appreciable extent judgmental in character but must deal in
orders of magnitude rather than precise measures of future supply
potential versus research costs. These uncertainties about feasibil-
ity, support, requirements, or rewards have been identified.
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Given these caveats, the report provides a general view of theresearch, development, and demonstration terrain that lies ahead,some sense of the difficulties that may be encountered in crossingit,and a rough estimate of the magnitude of the eventual energyyields over a future time period that has some meaning in terms ofour now-foreseeable energy problems. The problem we seek to re-solve is the direction and kinds of activities that are needed todayif we are to have reasonable expectations of an improved energysituation ten to twenty years hence.

II. TODAY'S PERSPECTIVE OF TOMORROW'S ENERGY PROBLEMS

* A. The Policy Issues at Hand
A capsule review of the current U.S. energy supply capability isnot encouraging. In 1977, U.S. coal production finally exceeded theprevious record year of 1947. While this shows an improvement inour coal supply situation it should be noted that current coal minecapacity is probably less than it was immediately after World WarI. The U.S. rate of discovery of new oil and gas reserves declinedafter the early 1960's, leading to the eventual peaking of crude oilproduction in 1970 and of natural gas in 1973. However it is stilllikely that we have not as yet passed the mid-point in our discover-able, but producible at higher cost, oil and gas resources. In thenon-fossil energy categories, hydroelectric power passed its zenithof relative importance long ago, and nuclear power remains wellshort of past ambitious expectations.
Turning to the development of alternative sources of energy, theperformance to date offers little reassurance. We have on hand:one geothermal plant; no commercial-scale oil shale plants; nopipeline quality coal gasification facilities; no commercial experi-

ence in the liquefaction of coal; no tidal power plants; some limitedsmall-scale direct or passive solar heating; some demonstration
activities in energy production from wind, biomass, and solid waste;and limited experience in low- and medium-Btu coal gasification,
heat pumps, fuel cells, and combined cycle or co-generation ofelectricity. New departures in conventional nuclear plant design,breeder reactors, nuclear fusion, and magnetohydrodynamics inour central station power plants appear to be well in the future.The recent frustration of innovation in supplying the United
States with energy is a striking departure for a nation that in thepast drilled the first oil well, designed continuous coal miningmachines, introduced long distance gas pipelines, mounted a jointprivate and public effort to build the Shippingport nuclear reactor,and first ventured into deep water with its drilling platforms. Onlythree decades ago, the United States consumed approximately halfof the world's fossil fuel production, but it produced virtually all ofthat domestically. While we may be concerned about our energyconsumption habits, they were not learned at the expense of therest of the world. Even 20 years ago the United States was stillproducing 94 percent of its own energy. Today domestic capabilityhas slipped to 80 percent of current consumption and continues todrop.

Energy import dependency is not necessarily of itself fatal. Othernations are more dependent upon energy imports, and the United

71-990 0 - 81 - 3
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States itself has never been self-sufficient in many of its resource
needs. The policy problem stems from the rapidity with which this
domestic (and world) limitation of energy capability has descended
upon us and the concurrent appearance of a petroleum producers'
cartel. We no longer possess the international economic and politi-
cal independence that was once ours. At the margin, our incre-
mental additions to energy supply in recent years have usually
been imported oil. That oil has become very costly per Btu and will
remain so. Most of the world's oil exporting nations have become
dedicated to prolonging the life span of what may be their only
major resource endowment as well as to maximizing their revenues
at a stable level of real annual income. These economic goals when
combined with their small size and political volatility prompt seri-
ous concern about U.S. energy supply security.

In past times of economic or military stress, the world energy
supply situation was cushioned by a diversity of energy sources-
European coal, Western hemisphere oil, or idle U.S. capacity for
producing either coal or oil. At present, if any uncommitted or
surplus world energy capacity remains available in the short term,
it is located in a few oil producing nations of the Middle East. As a
consequence U.S. response to either emergency conditions or to
producer-set prices for energy is severely restricted. The energy
supply capability at our disposal when the Suez crisis struck in
1956 no longer exists. In addition we for the first time must oper-
ate frequently in a non-competitive, sellers market in world
energy.

If the Congress seeks to correct this situation with dispatch, it
faces an array of obstacles. One is time-time to decide on direc-
tion, time to legislate, time to implement, time to experiment, time
to build-efforts measured in years and decades. Even the simple
goal of creating an emergency crude oil stockpile is elusive-how
much to spend, what quantity of oil, where to place it, how to
store such a large quantity of crude, and how to acquire it given
the market conditions.

Measures to enhance domestic supply and the use of public funds
for R. & D. have been and are being considered at a time of
legislative concern and action resulting from the large cash flows
that are being generated within energy producing companies as a
result of the escalation in the world price of crude oil. While high
prices should simultaneously encourage more domestic supply and
consumer conservation, there is a real concern that cash surpluses
in the hands of the producers may not necessarily be used to serve
the greatest public interest. If U.S. prices are held down by govern-
ment action, profits would shrink and consumers would avoid
an inflationary shock. But then what substitute stimulus can be
found to provide motivation for conservation and for investment in
new, risky and costly supply ventures? Moreover, if we do not find
a domestic supply response we face an ever enlarging energy defi-
cit in our balance of payments. Delay also means further inflation
in the costs of research and the capital investments required to
construct domestic supply facilities.

Perhaps the most debilitating aspect of any aggressive domestic
energy supply program is that it will probably run counter to
many other national pressures and programs. Our remaining do-
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mestic fossil fuels or our other alternative domestic energy re-sources will probably be more costly than imports, placing a newburden especially on the lower-income segment of the populace.Large infusions of Federal funds run counter to the current desiresto control inflation and to limit or cut the expanded cost of govern-ment. We are also reluctant to turn our backs on over ten years ofeffort that has been expended toward providing for the proceduralneeds and meeting the costs of environmental protection.
Many are confident that the price stimulus of the market placewithout government controls will bring to both energy producersand consumers the motivation needed to simultaneously reduceconsumption and replenish our domestic supplies. After all therehave been energy dislocations and doubling or tripling of energyprices in our past history. Those conditions vanished after a fewyears. But our past experiences are not good models of the econom-ic and world supply conditions that now exist. So turning loose themarket forces to correct the situation is hard to accept with confi-dence, particularly since the supply response is uncertain and theadjustment period is likely to be much longer than in past circum-stances.
But to suggest that we administer and regulate our way out ofthe difficulty by substituting the Government for the market placeoffers its own risks, costs, and impacts. History provides somereservations about the effectiveness of centralized control of com-plex economic systems. Nor are there clear exit routes for Govern-ment once the difficulties have been overcome. "Buying" a solutionis a fairly common 20th Century strategy, but there is the questionof whether we can afford the price this time. Government involve-ment does not eliminate the uncertainty in our energy situation,and it might increase the cost of the eventual answer to the prob-lem without necessarily improving the quality of the solution orcutting the time needed to reach it. There is an understandablecongressional apprehension that we may now be induced to pur-chase a herd of energy "white elephants" requiring disposal adecade from now. Subsidies once in place are difficult to withdrawwithout creating adverse industrial and public impacts.

B. The Future Supply and Demand Mix of the United States
Just as there is no certainty as to the "best" pathway to enhanc-ing our domestic supply situation, we cannot predict with precisionthe amount of energy the United States will actually need in thefuture (see figure 1). This is a reflection of more than a normallack of confidence in energy demand forecasts. There is a stronglikelihood that the United States is entering a period of significantadjustment both to higher price conditions as well as a possiblefunctional change in the relationship between the consumption ofenergy and the general level of U.S. economic activity. The difficul-ty of analyzing our complex energy market has been compoundedby a lack of experience in the response of energy consumers to highprices.
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FIGURE 1 - U.S. ENERGY CONSUMPTION BY ENERGY TYPE AND END-USE SECTOR
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From 1920 to 1955 the relationship between total Btu's consumedand the U.S. gross national product was fairly predictable: bothwere increasing steadily as the economy expanded, but energysomewhat less rapidly. The explanation for the slow decline in theenergy/GNP ratio was quite simple: many users were becomingmore efficient, some expensive parts of the economy were not asenergy intensive, and the progressive shift from coal to oil and gasreduced our expenditures on primary energy. But from 1955 to1975, the ratio between energy and GNP stabilized rather thancontinuing its steady decline.
Sixty years of observing the coincidence in fluctuations and gen-eral trends in energy and the economy provides a strong basis for

forecasters to assume that energy is intimately linked with ourindustrial economy and vice versa. But today it has become appar-ent that the almost one-to-one relationship since 1955 should not beviewed as a permanent fixture. One must recall the sharp changein direction in 1920 that preceded the steady trend from 1920 to1955. Thus, we now find ourselves in the position of knowing thatwhile energy and the economy are linked, that coupling is a flexi-ble one. Yet few of those who have studied the problem are willingto profess sufficient understanding of the mutual interaction ofenergy and the economy to make a rigorous forecast of the degreeand timing of the change we are likely to experience between nowand 2000. Some may claim that energy can be "decoupled" fromthe economy, but this seems either naive or is a misleading descrip-tor for the rearrangement of linkage.
Within a forecast of future U.S. energy consumption we mustdeal with the components of demand. The electrical sector is par-ticularly important when assessing the various types of R. & D.strategies. However, electric power forecasts have become moredifficult in recent years. There has been a well established trend inthe United States for a persistent shift toward greater reliance onelectric power. This reflects consumer and industrial preference forits efficiency, flexibility, and cleanliness. In addition utility market-ing, financing, and rate regulation characteristically tended to en-courage the continuous expansion of capacity by these naturalmonopolies. In the past, these circumstances led to expansive fore-casts of future electric power requirements. These forecasts in turnbecame self-fulfilling prophecies as the resulting new capacity pro-vided a stimulus for a search for new markets. Unfortunately,regulation of energy utilities, traditionally based primarily on areturn on capital investment, was not designed for seeking out thelowest cost energy to meet national needs. More recently the dras-tic change in primary energy prices, reduction in demand, changesin the regulatory process, and a lower pace in generating capacityexpansion have significantly altered the growth outlook in electric-ity. Thus, the future primary energy needed for conversion toelectricity will likely be less than previously anticipated, but wehave a limited historical basis for forecasting how much. Nonethe-less, the relative importance of electricity for final consumptionshould continue to grow.

Constantly changing energy circumstances, particularly the oilimport price, explain why the 1979 report to Congress by theDepartment of Energy's Energy Information Administration (EIA)
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presents three basic projections for the total demand for energy in
the United States in 1990. The projections reveal that in 1990 the
total use of energy in the United States is expected to vary from a
low of 88 quadrillion Btu's to a high of 93 quadrillion. It should be
noted that in using energy demand forecasts the origin of the
forecasts may be less important than the vintage. Most forecast-
ers-private and government-have moved their projections to
lower energy demand levels in recent years, as we have gained a
better appreciation of the impact of prices. We are still learning
about the real potential for conservation by individual consumers
as well as the impact of greater efficiency in industry. I

In their mid-price projection, EIA indicates a diminishing share
of energy used in residences by 1990, a similar downward trend in
commercial consumption an increase in industrial use from 36
percent (1978) to 42 percent, and a drop in transportation require-
ments. The greatest change is anticipated in the share of primary
energy charged to conversion and transmission losses by the elec-
tric utilities. This is projected to increase from 21 percent in 1978
to 28 percent in 1990.

The EIA's long-term projections beyond 1995, indicate possible
consumption between 108 and 117 quadrillion Btu's by 2000 and
147 to 149 by 2020. These projections also are consistent as totals
with other authorities cited by EIA.2 The major differences are
found in the projections for individual forms of energy and con-
sumption sectors. The proportions of residential, commercial, and
transportation use of energy are shown by EIA continuing to de-
cline while energy consumed in industrial use and fuel conversion
losses are predicted to continue to increase through 2020.

By 1990, EIA expects that domestic production could vary be-
tween 77 and 80 quadrillion Btu's. Under various mixes of domestic
supply and domestic demand, reflecting different assumptions of
price conditions, the resulting net energy import requirement falls
between 7.6 quadrillion Btu's (3.6 million barrels a day of oil equiv-
alent) and 16.0 quadrillion Btu's (7.5 MBD). In the worst case, the
net energy import share would still be reduced to 17 percent of
U.S. energy consumption compared to 22 percent in 1978. Compari-
son by EIA of their results with non-government efforts indicated
that, in contrast, private firms tend to be less optimistic about
domestic production. The differences in demand forecasts are less
striking.

Obviously, it is unwise to rely upon a single set of projections, or
one source of data, for a perception of the future U.S. supply and
demand for energy. It can be even more deceptive if separate
projections of supply and demand are obtained from different
sources and then used together. They are rarely linked to one
another by compatible assumptions about price, technology, and
the state of the economy. Indiscriminate choice of data can produce
results as varied as net energy imports dropping sharply or in-

' For the purposes of this report general patterns and trends are more important than the
numbers themselves. The EIA annual report has been used as representative of energy studies
in general and provides an internally consistent set of data. Energy Information Administration,
annual report to Congress 1979, vol. 3, DOE/EIA-0173 (79)/3.

m;Comparisons are made with Pace Co., Data Resources, Inc., Exxon, and the National Acade-
my of Sciences projections.



33

creasingly between now and 1990. The support for either extreme
is quite weak.

The most rational posture concerning future energy supply and
demand is to assume that as the real price of energy increases it
will tend to simultaneously encourage supply and discourage
demand. The reverse has normally been true when real prices
declined. While there can be reasonable confidence about the
future direction of change, this is not as true about the degree of
change. We must recall that the real level of energy demand will
also be a function of concurrent economic conditions, which will in
turn be linked to the behavior of prices in general. A precise,
quantitative forecast of future energy production and consumption
reflecting all of these variables is beyond our capability.

Thus, the potential for either very narrow or very wide spreads
between domestic demand and domestic energy production in the
immediate future should be tempered to some extent by the behav-
ior of the general economy. Analytically, it is important to avoid
U.S. energy supply and demand as a rigid economic process that
foreordains a predictable domestic energy deficit to be reached at a
given year in the future. Rather, we must recognize that the very
conditions that appear to be causing current shortages may also
generate other forces and reactions which may reduce a deficit now
anticipated by the end of the period covered by the forecast. Unfor-
tunately, there is never a guarantee that this will actually occur or
that the deficit will not appear.

C. Resource Opportunities Versus Resource Needs
Before examining R. & D. as applied to specific energy resources,

it is useful to generalize about the nature of our needs and the
characteristics of the energy resources at our disposal. Energy is
used for three basic purposes: to provide environmental protection
and comfort, to process or transform materials, or to do work for
us. The energy form chosen is usually matched to the energy use.
Thus one kind of energy suitable for generating steam may not be
useful for propelling an airplane or may be unattractive to the
householder. It is more than a question of physical compatibility,
since the final delivery costs and potential uses of energy are also
affected by the way nature provides the energy. A diffuse, low-
temperature energy source will be used in an entirely different
way than a compact bundle of energy capable of yielding very high
temperatures. All energy is initially provided as a free good by
nature. The key variables are the costs of capture, conversion to a
useful form, and final delivery.

The production of electricity now consumes approximately 30
percent of U.S. primary energy deliveries. There is a general con-
sensus that this proportion will grow, perhaps reaching 50 percent
by 2000. Electricity has an advantage in that it can be generated
from both low and high temperature sources or from moving fluids.
At the consuming point it can be used efficiently for comfort,
process, or work purposes. The all-electric economy faces one seri-
ous physical drawback: the lack of mobility of the equipment used
to generate the power. In addition, it is still costly to transport
electric power over long distances or to deliver it in small packages
at isolated locations. Certainly for the next decade, and most likely
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for several more, alternate energy sources that seem best suited for
the generation of electricity are not likely to help us meet our need
for low-cost, mobile packages of concentrated energy. This is true
for much of the energy that may come initially from renewable
sources.

Electricity can be used as a source of heat or to provide high
temperatures for process purposes, but this always raises an effi-
ciency question of whether we have converted heat to electricity
and then back again at a needless cost of both dollars and energy.
As a consequence, the direct use of primary fuels has received
preferential treatment in many industrial uses and for most of our
space heating. Summing up, we find that most of our transporta-
tion sector and a significant proportion of our residential, commer-
cial, and industrial energy needs for some time to come are not
likely to be compatible with certain primary energy sources that
are currently most likely to be delivered as electricity.

In the past, the great natural advantage of the fossil and mineral
fuels and prime hydroelectric power sites has been the large
amount of energy concentrated at a single source point. Their
present popularity reflects the fact that the amount of effort or
cost required to gather and produce their contained energy in
usable form has been relatively small compared to other potential
sources of energy. The total, and frequently the incremental cost,
of energy from these currently preferred sources can be extremely
low, particularly if environmental threats and costs are ignored. In
contrast, most forms of solar energy, either direct or derived, nor-
mally display some combination of variability, dispersion, or low
intensity. Also the resource potential of these energy forms must
be measured as annual flows rather than assessed as fixed, total
resource endowments as is customary with the depletable fuels.
Nonetheless, there is a parallel between renewable and non-renew-
able resources in that only a part of the annual flow or of the fixed
endowment is "discoverable" and recoverable. For example, the
total energy present in the atmospheric circulation above the
United States is vast, but much of that energy may prove as costly
or difficult to recover as the oil in an abandoned reservoir or the
kerogen found in a low quality oil shale.

Despite man's long history of using organic substances for
energy, both fossil and of recent origin, there still remain extensive
opportunities for R. & D. to devise new and better ways of convert-
ing this material from its raw form to the most useful forms for
final consumption-solid, liquid, or gaseous. Our potential supply
of organic raw materials is large enough to satisfy our entire
national energy requirements if we can put it to effective use.

Man has also employed the fluid flows of wind, surface water,
and the tides to his advantage since pre-historic times. The me-
chanical use of these energy forms has proved less useful in
modern industrial societies. But, within their natural limits, they
still provide an opportunity to generate additional supplies of elec-
tric power.

The direct use of natural terrestrial or solar heat commands
obvious attention. However, our knowledge and experience in using
the recoverable portion of the natural heat of the energy of the
earth and oceans is still immature. The rays of the sun are our



35

most accessible and largest energy source if we can learn how toadjust to the physical and economic characteristics of solar energy.While the immediate use of solar energy will favor lower tempera-ture applications, we have some past experience and current ex-perimentation at higher temperatures. It is to be expected that inthe longer term we will see the sun providing higher temperaturesfor process heat and the generation of electricity.
It is important that our energy research mix not exclude seekingimprovements to be made in our existing energy system and theconventional sources it currently relies upon. We can make somemoderate gains by improving our performance using heat nowwasted. There is a need to investigate new or better ways to pro-duce power: combined cycles, fuel cells, solar installations,magnetohydrodynamics, and new departures in nuclear reactors.Once primary energy is extracted from its source, we can improvethe transportation of energy in its various forms. Finally, wecannot forget the undiscovered oil and gas of the United States orthe billions of barrels, trillions of cubic feet, and trillions of tons offossil fuels known but unproduced or left behind from past produc-tion.
The research challenge we face is how to choose from thesemany pathways the best route that both recognizes how we useenergy now and might use it in the future. We cannot in answeringthis challenge expect to do it without risk, and we must proceed inthe face of considerable uncertainty. Moreover, there has to be asharpening of our attention to the political decisions that must bemade if we are to improve our future development of new orimproved supplies of fuels and energy and to determine the pacewith which we want to proceed toward that goal. This has to beaccomplished in terms of its relationship to such other nationalobjectives as protection of the environment, arresting inflation, andachieving social improvements.

III. ORGANIZATION OF APPRAISAL OF ENERGY R. & D.
OPPORTUNITIES

In this study 31 non-conventional areas of energy supply R. & D.have been identified and are examined in terms of the futureenergy that could be obtained from domestic sources beyond thatwhich our current projections indicate we would produce if wemerely followed our recent pattern of development. The 31 areashave been clustered into 8 related groups as follows: coal-based,direct sunlight, fluid hydrocarbons, organic conversion, nuclear,system efficiency, and other sources. The discussion of each areaincludes a survey of the current situation, an examination of theresource potential, a summary of the R. & D. effort being made,and an identification of what will be required in time and effort tomove each energy supply technology beyond its present pattern ofdevelopment. In addition to quantifying the additional energy to beexpected in the time intervals specified, the obstacles and uncer-tainties that are likely to be encountered are discussed. For com-pleteness, background information has been given for the majorconventional energy sources that now supply the bulk of the na-tion's current energy needs.
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Obviously even in a highly condensed format, this provides a
vast array of technical description and analysis of the state-of-the-
art of energy supply both present and future. This is further com-
plicated by the variations in the amount of energy that results, the
level of effort being expended, and the timing of the results. Final-
ly, there is the recognition that energy research and its funding is
not exclusively a Government endeavor.

The closing section of the report extracts from the various chap-
ters 5 key pieces of information about each specific technology.
These are: the amount of the total resource potential that may
ultimately prove recoverable, without respect to any given time
frame; the current development of that resource; the current
annual output of energy; the current level of Federal R. & D.
support; and the potential contribution in the years 1990 and 2000.

The final step in the summarization of energy R. & D. opportuni-
ties is an attempt to arrive at some general insights about the role
that may be played by Federal energy R. & D. over the next 20
years in terms of the relative impact of such efforts on enlarging
U.S. energy supply during those years. This exercise does not ac-
count for private R. & D. investments, and does not include supply
returns beyond 2000. This does not minimize the importance of
private action efforts or the value of research to provide additional
energy in the longer term, but merely reflects the prime focus of
the study on how Federal energy R. & D. can make a difference
during the critical period from now until the end of the century.



CONVENTIONAL ENERGY SOURCES *

COAL*
I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology
Coal is burned to produce heat, which in turn is used to generate

steam for process heat or the production of electricity. Alternative-
ly the heat may be used directly in industrial process systems orspace heating. Coal is mined by two general methods, surface orunderground, depending on the geological conditions. For eachmethod a number of mining techniques are practiced. These tech-niques are discussed below, as are preparation and utilization tech-nologies.

1. SURFACE MINING

Surface mining involves exposure of the coal seam by removal ofoverlying soil and rocks (overburden). The four basic types of sur-face mining are: area (strip), open-pit, contour, and auger mining.At present, depending on the nature and structure of the overbur-
den, coal can be economically recovered within 150 feet of thesurface, even when the overburden to seam thickness ratio is asmuch as 30:1. Area mining involves the development of large openpits in a series of long narrow strips (usually about 100 feet wide
by a mile or more in length). It is the preferred method in flatterrain where the coal seam is parallel to the surface, as it is formany Western coals. Open-pit mining is similar except that itinvolves the preparation of a larger area, perhaps 1,000 by 2,000feet wide, exclusive of areas where thick seams are available. Con-tour mining is most commonly practiced where deposits outcropfrom rolling hills or mountains, as in Appalachia. This method isto remove the overburden above the bed by starting at the outcrop
and to proceed along the contour of the bed creating a shelf or"bench" in the hillside. The usual procedure is to contour mine asfar into the hill as practical, then auger further. In auger mining,
huge drills, with cutting heads up to 7 feet, are driven horizontally
up to 200 feet into the coal seam.

Surface mining equipment ranges from ordinary bulldozers andfront-end loaders to huge power shovels and draglines that are
among the largest moving land machines in the world. Some power
shovels have bucket capacities large enough to fill about 4 train
cars. Surface mining generally yields 85 to 90 percent coal recov-
ery.

Prepared by James E. Mielke, specialist in marine and earth sciences.
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2. UNDERGROUND MINING

Underground mining is considerably more complex than surface
mining. Most underground coal mines in the United States use
room and pillar mine development of which there are two main
types, conventional mining and continuous mining. Conventional
mining technology involves the sequential use of undercutting,
drilling, loading and roof bolting machines. Continuous mining
combines the operations of conventional 6mining into one machine
which tears the coal from the seam with revolving teeth and loads
it for transport out of the mine. In general, room and pillar meth-
ods are limited to about 50 to 60 percent coal recovery.

A third method of mining, longwall mining, accounts for only
four percent of the coal mined underground in the United States,
but is extensively used in European coal mines. Longwall mining
utilizes a steel plow or rotating cutting drum which moves back
and forth across a face that is several hundred feet long to cut the
coal, which then falls onto a conveyor. A series of large self-
advancing hydraulic jacks, topped with broad steel beams and set a
few feet apart, support the roof and protect the machine operator.
After each pass of the machine along the coal face (350-600 feet
long), the support jacks momentarily release their pressure and
move forward to resume their support, thus allowing (if desired)
the roof to collapse over the mined out area. By eliminating the
need for pillars, recovery rates of 95 percent are not uncommon.' A
fourth type of underground mining called short wall mining is also
used, especially where the coal bed thickness is variable. Overall
coal recovery from short wall mining is about 85 percent of the
coal seam.

3. COAL PREPARATION

Coal preparation modifies the mined coal to help meet the cus-
tomers' needs in terms of size, moisture,.and removal of rock and
mineral impurities. A preparation plant of some sort is an integral
part of most large mines and may often serve a number of mines.
A typical preparation plant includes crushing, sizing, cleaning to
remove impurities (often using density separation in water or other
medium), dewatering and drying, and process water clean-up.

4. FLUE GAS DESULFURIZATION

Flue gas desulfurization is also an integral part of conventional
coal utilization. The basic technology involves devices called scrub-
bers which remove SO. in a liquid containing chemical absorbants
such as lime, limestone, magnesium oxide, sodium carbonate, alkali
flyash, and ammonium.2 The processes are further characterized as
throwaway or regenerative. Regenerative processes recover the ab-
sorbant and generally produces a marketable product such as ele-
mental sulfur of sulfuric acid. Currently the predomonant technol-
ogy is throwaway lime-limestone scrubbing.

'U.S. Congress. Senate. Committee on Governmental Affairs. Permanent Subcommittee on
Investigations. "The Coal Industry: Problems and Prospects." Committee Print. 95th Congress,
2d session U.S. Government Printing Office, Washington, December 1978, p. 26.

,Office of Technology Assessment. "The Direct Use of Coal." U.S. Government Printing Office,
Washington, 1979, p. 96.
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B. Known Resource and Reserves

The coal reserves of the United States total approximately 437
billion short tons. However, due to economic, technological, safety,
and other considerations, not all of the coal in a particular deposit
can be extracted. The recoverable reserves are estimated to total
283 billion tons, based on 57 percent recovery in underground
mines and 90 percent in surface mines. These estimates for recov-
erable reserves are based on deposits no deeper than 1,000 feet and
seams at least 28 inches thick if they are to be mined underground,
or with depth to seam thickness ratios of 10:1 or less for surface
mines. Identified U.S. coal resources are postulated to be more
than 1,700 billion tons.3

C. Current Contribution to U.S. Energy Supplies

Coal represents about 90 percent of the U.S. fossil fuel reserves
yet it currently contributres around 20 percent of U.S. energy
needs. At current consumption rates these reserves would last
about 370 years. Coal production in the U.S. had been in a slump
since 1947 when 687 million tons were produced (630 million tons
bituminous plus 57 million tons anthracite). This level was not
surpassed until 1977 by which time anthracite production account-
ed for less than 6 million tons. In 1979 production totaled about 770
million tons, over 100 million tons above the 1978 level. However,
1978 data reflect a three-month strike by the United Mine Work-
ers. Underground mining now supplies less than 40 percent of the
coal produced in the United States while surface mine production
has been increasing.

D. State-of-the-Art
Although the direct use of coal in the utility, industrial, commer-

cial and residential sectors is commercially viable using current
technology, there are constraints which may limit its increased use.
The major factors influencing the design of combustion facilities
are the size of the unit, the type of coal to be burned, and the
environmental standards which must be met. It is difficult to
switch from one coal to another having different characteristics.
The technology developed for the utility sector is often inappropri-
ate for the industrial or commercial installation. New technologies
for extracting, transporting, cleaning, upgrading, and burning coal
are continuously emerging, as are environmental controls for every
phase. However, in the mining sector, improvements in technology
are slow to become widely used and are likely to be introduced only
in new mines or when older equipment is no longer serviceable.

E. Current Research and Development

The Department of Energy (DOE) conventional coal utilization
research program emphasizes a short to mid-term thrust aimed
toward development and transferring to industry the technologies
necessary to increase the rate of extraction for solid fuels in order
to reverse the recent negative trends in coal mining productivity.4

3 Averitt, Paul. "Coal Resources of the United States, Jan. 1, 1974," U.S. Geological Survey
Bulletin 1412, 131 p.

4 Department of Energy. Congressional Budget Request, fiscal year 1981, v. 6, p. 20.
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Current efforts include completing trials of a new shaft boring
machine, a tunnel boring machine, a prototype longwall shearer
control system, and a high capacity longwall conveyer; fabricating
and testing three continuous face haulage systems; and operating a
surface test facility to simulate underground conditions for equip-
ment testing. Development work on advanced mining systems such
as the Kloswall mining system, variable wall miner, and hydraulic
borehole mining is continuing. Also development of techniques for
hydrotransport of underground mined coal to the surface is on-
going. Development work is continuing on a surface mine optimi-
zation model to improve efficiency in mine development.

In the area of coal preparation, research is being conducted on
lignite drying, froth flotation, oil agglomeration and wet high-gra-
dient magnetic separation techniques. Longer-term research in-
volves chemical cleaning techniques. Combustion technology and
research for materials more resistant to corrosion and attack from
coal slag are also being pursued. Advanced environmental control
technology relevant to direct coal utilization is another direction of
current R. & D.

II. PROSPECTS OR' REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development

1. CAPITAL

Underground coal mining in the future will probably resemble
that of today even though new machinery will undoubtably be
introduced. 5 A major reason for this is the tendency for mine
operators to retain their machines in place as long as possible.
Much of the ongoing research in coal mining technology is there-
fore aimed at providing short-term improvements in existing
mining systems with research commonly concentrating on improve-
ment of specific existing machines or their component parts.

Advanced coal preparation technology for removal of organic
sulfur (which is not removed by mechanical cleaning processes) is
in the laboratory stage of development. These processes are
claimed to remove substantially all pyritic sulfur and 25 to 70
percent of the organic sulfur., The research question is not wheth-
er the organic sulfur can be removed, but whether such processes
can be developed to the point of being economically utilized. Cost
data are still only conjectural but, at present, costs seem to be
many times those associated with physical coal cleaning. The capi-
tal required for this R. & D. is also likely to be considerable before
economic commercialization is achieved. The fiscal year 1981
budget request of DOE for research in this area was $11 million,
with an additional $7 million to be requested from the Windfall
Profits Tax. According to DOE estimates, one process, oxydesulfuri-
zation, if proven economical, could be expected in commercial use

I U.S. Congress. Senate. Committee on Government Affairs. "The Coal Industry: Problems and
Prospects," p. 26.

6Office of Technology Assessment. "The Direct Use of Coal." U.S. Government Printing Office,
Washington, 1979, p. 101.
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within seven to eight years.7 However, the key is still the question
of economics.

Research and development in combustion systems such as atmos-
pheric fluidized bed, pressured fluidized bed, and other advanced
combustion technology is also expensive. The DOE fiscal year 1981
budget request for combustion systems research was $68.5 million.

Flue gas cleanup R. & D. addresses the removal of pollution-
causing contaminants from the stack gasses of conventional com-
bustion units to meet environmental standards. Efforts are focused
on improving and demonstrating the reliability of conventional
lime/limestone scrubbers, developing second generation flue gas
desulfurization technologies that avoid wet sludge disposal, and the
initiation of advanced technologies for removal of NOx, particu-
lates, and heavy metals. The DOE fiscal year 1981 budget request
in this area was $21 million. Also, R. & D. for advanced flue gas
technologies is likely to require sizable amounts of capital through
1980 if the program is vigorously pursued.

2. TIME

With regard to mining R. & D. while continuous improvement
can be expected, no large degree of innovative substitution of exist-
ing technology is expected in the next 25 years.8 Advanced coal
cleaning is also a long term research effort and likely would only
under very fortunate circumstances be proven economic by 1990.
Major improvements in flue gas desulfurization technology are not
expected in the 1990 timeframe but major advances in these new
technologies could be expected over a longer term.

3. MANPOWER

Skilled manpower for R. & D. in the coal industry could be a
limiting factor in technological development, particularly if goals
for greatly increased coal utilization are to be met.9 Such goals
frequently encompass timely development of technology for their
accomplishment.

B. Demonstration
Capital needs for demonstration of new coal technologies are

closely interrelated to the capital needs for R. & D. Consequently,
demonstration of new mining equipment is not capital intensive
provided the attendant R. & D. has resulted in construction of the
prototype equipment. Demonstration of direct coal utilization
would also include the software incentives provided under the DOE
coal utilization program. These include preparation of planning
guides and handbooks to enable potential users to evaluate their
coal use applications and make comparative cost estimates, includ-
ing evaluating the costs of retrofitting existing installations. The
1981 DOE budget request for these activities was $1.2 million, and

Department of Energy. Fiscal year 1981 congressional budget request, vol. 6, p. 23.
U.S. Congress. Senate. "The Coal Industry: Problems and Prospects," op. cit., p. 27.

.U.S. Congress. House and Senate. Committee on Interstate and Foreign Commerce Commit-
tees on Energy and Natural Resources and on Commerce. "Project Interdependence: U.S. and
World Energy Outlook Through 1990." 95th Congress, 1st session, Committee print. U.S. Govern-
ment Printing Office, Washington, 1977, p. 244.
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an additional $0.8 million was requested for related activities to
increase the production and utilization of coal.

Demonstration of direct coal utilization technologies is an on-
going effort and likely to continue through 1990 as new technologi-
cal developments are achieved. Manpower needs for demonstration
of new direct coal utilization technologies are also tied to the R. &
D. manpower needs mentioned above. Shortages of skilled scientists
and engineers in this field could occur.

C. Commercialization

1. CAPITAL

New mines are very expensive to open. Costs vary from site to
site depending on the nature of the deposit. A 1976 estimate (ad-
justed to 1979 dollars using the implicit price deflator for gross
national product) gave the following results in dollars required per
annual ton capacity:'I

Appalachia Illinois Western

Surface............................................................................................................................. 58 6 2 22
U nderground ..................................................................................................................... 82 59 59

Using these figures, a two-million ton per year surface mine in
Illinois would cost $124 million. A mine this size would just meet
the demand of one large electric utility unit.

Assuming all additional coal production came from new mines,
to meet the goals of the revised Project Interdependence Blueprint
(1,040 million tons per year by 1985 and 1,500 million tons per year
by 1990) would require an investment in new mines of $19 billion
at the 1976 estimate (adjusted to 1979 dollars) for surface mining of
western coal. This figure would be approximately three times
higher for underground mining or surface mining in Appalachia or
the Midwest. Another 1976 estimate based on attaining coal pro-
duction of 1,100 million tons by 1990 projected capital costs needed
to open new mines and replace depleting ones at $19.6 billion ($24.3
billion in 1979 dollars) by 1990.11

According to benefit/cost analyses by DOE using 1985 production
estimates of 900 to 1,300 million tons, savings of $20 to $33 respec-
tively could result for each dollar invested in coal mining R. & D.
However, this type of benefit/cost estimate would appear highly
optimistic.

2. TIME

See discussion under capital.

3. MANPOWER

Several projections of future manpower supply and needs for
increased coal utilization have been made.' 2 Not all of these agree.
Estimates of future manpower supply are ofton based on linear

I0 Office of Technology Assessment, p. 77.
1 Project Inderdependence, p. 237.

12 Ibid., pp. 237-246.
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extrapolation of current trends; however, future circumstances
may shift the pattern from the present one. Under the Project
Independence "Business as Usual' scenario,13 there would be no
overall manpower shortage for strip mining operations although
local shortages might occur in the Gulf Coast and northern Great
Plains regions. On the other hand, underground mining manpower
projections indicate overall shortages. According to coal industry
spokesmen, the projected supply of skilled workers, particularly
supervisors and maintenance personnel, mining engineers, and
technicians is not sufficient.14 One estimate projects an increase of
at least 22,000 mining engineers and technicians will be needed
over the next ten years. 15

4. REQUIRED INDUSTRIAL BASE

The existing industrial base would be adequate to supply conven-
tional coal mining equipment, although temporary backlogs might
result for very large mining equipment. However, the transporta-
tion sector would need serious attention unless solutions such as
mine-mouth generation plants prove adequate.

5. MATERIAL NEEDS

Further development of materials will enhance the prospects for
coal utilization although materials needs for direct coal utilization
are likely to be less critical than for coal conversion.

6. ENERGY EXPENDITURE

The energy output from direct coal utilization is in considerable
excess of the energy input. Improvements in mining efficiency, coal
cleaning, and combustion techniques can further reduce the energy
expenditures or loss.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

Among the obstacles to significantly increased coal utilization
are the availability of capital, labor unrest, manpower productivity
problems, evolving environmental standards which affect coal utili-
zation, transportation and storage problems, Federal leasing policy,
and equipment backlogs.

If coal utilization expands at the rate many planners envision,
railroad and waterway systems, in their current state, could not
handle the projected increase. Also, the production and availability
of very large miniIg-equipment might not be adequate to meet
projected coal pro (ction levels.

With regard to raising the necessary capital, the capital market
is extremely tight, and sufficient capital will not be forthcoming
unless there is an attractive return on investment. Investment in
coal is hampered by uncertainties regarding the economics of oil
and gas, and environmental policies.

"Federal Energy Administration. Project Independence Blueprint. U.S. Government Printing
Office, Washington, D.C. November 1974.

4 Proect Interdependence, p. 244.
" Ibid., p. 245.
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With regard to environmental concerns, reclamation require-
ments, control of acid mine drainage and sediment, and surface
subsidence over underground mines are all obstacles that are being
overcome. However, this is being accomplished at significant eco-
nomic cost, time delays, and reduction in the "minable category" of
coal reserves. Furthermore, air emission standards will deny eco-
nomic use of large tonnages of available coal unless more cost
effective scrubbers are developed. Adverse health effects, acidic
rain, and possible climatic impacts from large-scale coal combus-
tion are concerns that also have been raised. Research is also being
directed toward new uses for coal ash which would otherwise pres-
ent an increased disposal problem.

Other--potential obstacles to increased coal utilization include
labor uncertainties, due principally to wildcat strikes (and the
more predictable contract-renewal strike every three years), and
manpower shortages, particularly of skilled workers. Clearly an
adequately motivated work force must be developed. Coal mine
productivity has declined significantly (45 percent for underground
mining since 1969, 30 percent for surface mining since 1973).16 Few
employees now encourage their children to enter the mines as
apprentices. This family-apprentice system at one time provided a
personal relationship in the mine, and helped instill pride in being
a coal miner.

Finally, Federal leasing delays will still remain an obstacle to
increased coal utilization, despite passage of the Federal Coal Leas-
ing Amendment Act in 1976.

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990

To accomplish either the DOE coal utilization goal of 900 to 1,300
million tons by 1985 or the revised Project Independence goal of
1,500 million tons by 1990, successful management of all major
constraints would be required. In addition a full and mutually
agreeable commitment by Congress and the Executive Branch for
placing a national priority on expanded coal usage would have to
be attained. This commitment would encompass the framework of
a comprehensive energy program that would modify the effects of
many disincentives caused by the numerous constraints cited. In
the absence of such a program it is highly unlikely these goals can
be reached. In such an event, production would more likely reach
850 to 940 million tons in 1985 and about 1,100 to 1,200 million
tons in 1990.17

B. Contribution by 2000 or Beyond

The utilization of coal seems likely to continue to increase
beyond 1990 with emphasis expected to shift toward greater lique-
faction and gasification of coal to replace depleted oil and gas
supplies. However, direct combustion of coal would still be expected
to account for the major portion of coal usage in the early part of
the next century. With increased domestic consumption, domestic

I 6 Project Interdependence, p. 223.
" Ibid., p. 209.
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coal production could be expected to range between 1.2 to 1.7billion tons by the year 2000.



LIGHT WATER NUCLEAR REACTORS *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology

Light water nuclear reactors (LWRs) of the type currently in
operation in the United States consist of two kinds: the pressurized
water reactor (PWR) and the boiling water reactor (BWR). In both,
the fuel consists of long rods containing uranium oxide pellets. Two
to three percent of the uranium in the pellets is the fissionable
isotope, U-235, and the rest is U-238, which does not easily fission.
Heat, which is produced by the fissioning of the U-235, is carried
away by water which surrounds the fuel rods. The water also
serves to slow down neutrons which are produced in the fission
reaction. Slow neutrons are needed to cause additional U-235
atoms to fission, thus maintaining the nuclear chain reaction.

In PWRs, the water in the reactor core is under pressure in a
closed loop. Heat is transferred from the pressurized water to a
separate water supply in a secondary coolant system which is
allowed to boil, producing steam, which drives a turbine to produce
electricity. In BWR's the water in the reactor is allowed to boil and
drives a turbine directly.

The future contribution of nuclear energy to U.S. energy supplies
is highly dependent upon the resolution of issues relating to the
fate of nuclear fuel after it leaves the reactor. Hence, the reproc-
essing of spent fuel and the ultimate disposal of radioactive waste
products will be included in the discussions below.

B. Known Resources and Reserves

At prices up to $50/lb, the United States has reserves of 2.5
million tons of uranium dioxide (U308) and more than 7 million
tons of probable resources., The DOE lists another 1.720 thousand
tons in the possible and speculative categories. A much larger
quantity of uranium would be available at higher prices from low
grade ores. Some critics question the use of the possible and specu-
lative estimates, but the sum of the reserves and the probable
resources is generally regarded as a conservative estimate of rea-
sonably assured uranium supplies.

A typical 1,000 megawatt LWR consumes the equivalent of about
200 tons of U3 O8 per year. Hence, assuming no reprocessing of fuel,
U.S. reserves and probable resources are sufficient to supply more
than 12,000 reactor years of operation. The heat input for the
electricity which could be produced from this supply of uranium
using current technologies is 700 Quads.2 Reprocessing of fuel or

*Prepared by Robert Civiak, analyst in energy technology.
,DOE News, No. 79-47, Apr. 25, 1979.
,Energy in America's Future, op. cit., p. 248.
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the introduction of more fuel efficient reactors could increase thisconsiderably.

C. Current Contribution to U.S. Energy Supplies
Sixty-nine LWRs are currently licensed for operation in theUnited States. Forty-two of these are PWRs and the remaining 27are BWRs. Together they account for about 9 percent of the gener-ating capacity of the United States. In the first half of 1979, 11.5percent of the electricity generated in the United States was pro-duced in nuclear power plants.3 This is a decrease from the 12percent produced by nuclear power in 1978, and is largely due toshutdowns to modify reactors in seismic risk areas and shutdownsrelating to the Three Mile Island accident.

D. State-of-the-Art
Light water reactor technology has been fully commercializedsince the early 1970s-a period which saw a rapid increase inorders for LWRs. However, since then the placing of new orders forLWRs has all but ceased. In 1973, thirty-three nuclear reactorswere ordered by utilities in the United States. Since 1975, onlynine new orders have been placed, and no nuclear reactors havebeen ordered since December 1978. Moreover, since 1975 there havebeen about 30 cancellations of previous orders for nuclear reactors.Many factors not directly related to the state-of-the-art of thetechnology have contributed to the slowdown in the development ofnuclear power. These will be discussed below. Regarding the tech-nology, the principle questions relate to the safety of nuclear reac-tors and the disposal of radioactive wastes.
The technology for containing both routine radioactive emissionsand accidental releases of radiation has received considerable at-tention from the earliest efforts to develop nuclear power to thepresent. Highly reliable redundant safety systems have been builtinto existing nuclear power plants. Although these have achievedan impressive safety record, the extremely unlikely possibility oflarge releases of radioactive materials capable of killing thousandof people cannot be ruled out. Hence, research, development andtesting continues on ways to further improve reactor safety.The accident at the Three Mile Island Nuclear Plant, whichbegan on March 28, 1979, was the worst accident in the history ofcivilian nuclear power in the United States. Although only one ortwo deaths are expected to occur over the next thirty years as aresult of the accident, it was a serious event and has prompted anextensive reexamination of the safety of nuclear power plants. 4

Analyses of the accident have pointed to several areas in whichsafety can be improved. Many of the lessons learned from the
'U.S. Nuclear Regulatory Commission. Operating units status report, August 1979, NUREG0020.
4 Major reports on the accident include: Report of the President's Commission on the Accidentat Three Mile Island. The Need for Change: The Legacy of TMI. Washington, U.S. GovernmentPrinting Office, October 1979, 201 p. (referred to as the Kemeny Commission report); NuclearRegulatory Commission. Special Inquiry Group. Three Mile Island: A Report to the Commission-ers and to the Public. (Michael Rogovin, Director), vol. 1. Washington, U.S. Government Print-ing Office, January 1980. 183 p.; Nuclear Regulatory Commission. Office of Nuclear ReactorRegulation. TMI-2 Lessons Learned Task Force. Final report. Washington, U.S. GovernmentPrinting Office, October 1979. 1 vol., various pagings.
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Three Mile Island accident concern the selection and training of
reactor operators, operating procedures, and shortcomings in the
man/machine interface which make it difficult for operators to
determine the condition of the reactor during an accident. Other
problems which were identified included emergency preparedness
and a lack of understanding of small accidents and combinations of
failures. The Nuclear Regulatory Commission, the Department of
Energy, and the nuclear industry have all begun to address the
safety concerns identified by investigations of the accident.
Changes are being instituted in the design, operation, management,
and regulation of nuclear power plants. In addition, new institu-
tions have been established and research redirected to address
safety issues.5

During the developing years of nuclear power, the technology of
radioactive waste disposal was not considered as pressing an issue
as reactor safety, as wastes could be stored in temporary facilities
until a permanent waste disposal technology was developed. The
absense of a demonstrated method for the permanent safe disposal
of radioactive wastes has since become a serious impediment to the
further development of nuclear power.

The situation is now complicated by an uncertainty as to the
form of waste to be disposed. It has been assumed that spent
reactor fuel would be reprocessed in order to recover the substan-
tial amounts of uranium and plutonium remaining in the fuel, so
that only the wastes remaining after reprocessing would have to be
disposed. However, concern that reprocessing could lead to nuclear
weapons proliferation by giving developing nations or subnational
organizations easier access to fissionable materials led the Presi-
dent in 1977 to suspend reprocessing in the United States. Hence,
it may be necessary to dispose of unreprocessed spent fuel rods,
rather than more concentrated reprocessed wastes.

While a safe method for the permanent disposal of the radioac-
tive wastes remaining after reprocessing has not been demonstrat-
ed, many experts believe that the technology is known .6 In one
possible means of disposal, the waste products would first be incor-
porated into a solid material, such as glass, concrete or a ceramic
material, and then placed in the Earth in a stable geologic forma-
tion. Salt beds have been the most extensively studied geologic
formation for the disposal of wastes, but several other formations
have also been considered. Research and testing have convinced
some that suitable isolation of radioactive materials from the envi-
ronment can be achieved by such a technique. However, lack of
agreement over the best form for the waste materials and the
problem of selecting a definite site for waste disposal have held up
the actual demonstration of disposal techniques.

The disposal of unreprocessed spent fuel rods has also received
attention. Stable geologic formations are also required for their
safe disposal. It is possible that the ban on reprocessing will even-
tually be lifted and that it would then be desirable to recover old

5Actions taken since the accident at Three Mile Island are summarized in: U.S. Congress.
House. Committee on Science and Technology. Subcommittee on Energy Research and Produc-
tion. Nuclear Powerplant Safety After Three Mile Island. Washington, U.S. Government Print-
ing Office, March 1980. 74 p.

6 Gilmore, W. R. Radioactive Waste Disposal. Park Ridge, N.J., Noyes Data Corp. 1977, 364 p.
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fuel rods. Hence, methods for both retrievable and unretrievable
disposal of spent fuel rods are being developed.

E. Current Research and Development
1. REACTOR SAFETY

Safety research in the United States is funded largely by the
Office of Nuclear Regulatory Research of the Nuclear Regulatory
Commission (NRC). Program support for nuclear regulatory re-
search for fiscal year 1980 is $162 million, almost all of which is
devoted to safety related research. In addition, nearly $30 million
in supplemental funds for fiscal year 1980 have been requested for
safety research in response to the accident at Three Mile Island.

The major research facilities are the Loss-of-Fluid-Test (LOFT)
facility, where scale model nuclear loss-of-coolant experiments are
conducted, and the Power Burst Facility (PBF), where testing is
conducted to simulate overpower accidents.

Additional LWR safety research is being conducted on fuel bun-
dles, molten fuel, pumps, reactor vessels, and piping. Computer
codes are also being developed which attempt to predict and ana-
lyze the behavior of nuclear reactors and their associated systems
under a variety of conditions. In addition, the Site Technology and
Engineering program provides information regarding nuclear
power systems subjected to extreme environmental and accidental
events such as earthquakes, tornadoes, floods and collisions.

Research relating to reactor control during accident conditions,
control-room display and diagnostic equipment, and quantitative
risk assessment techniques has been increased in response to les-
sons learned from the Three Mile Island accident.

2. RADIOACTIVE WASTE DISPOSAL

The DOE has been charged by Congress with the responsibility
for the demonstration of a method for the permanent disposal of
high-level radioactive waste from civilian uses of nuclear power.
The fiscal year 1980 appropriation for DOE's Commercial Waste
Management program is $220 million. The objective of this pro-
gram is to develop the technology necessary and provide facilities
for the long-term management of radioactive wastes produced in
the civilian sector.

The program for waste isolation provides the R. & D. for the
identification of sites for repositories and for the development of
the technology necessary for design, licensing and operation of a
repository. Conceptual designs for the above and below ground
facilities needed to accept either spent fuel or solidified high-level
wastes have been developed. Characterization of sites is continuing
with the goal of selecting a site at the earliest possible date after it
is determined if the disposal facility is to be for reprocessed wastes
or for the permanent or retrievable disposal of spent fuel rods. The
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DOE believes that initial operation of a repository for commercially
produced radioactive wastes could begin between 1989 and 1992.7

Development of methods for the immobilization of radioactive
wastes by inclusion in solid materials has progressed to the point
that several processes are now ready for pilot scale demonstations.
However, no funds have been provided yet for these activities.

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

Although sixty-nine LWRs are in commercial operation in the
United States, given the present situation, further development of
nuclear power may require advances in reactor safety and solution
of the waste disposal problem.

A. Research and Development

1. REACTOR SAFETY

Despite an impressive safety record, there is still concern over
the possibilities of a disastrous accident and continued questioning
of reactor safety. The most comprehensive study to date of the
safety of nuclear reactors, the Reactor Safety Study8, commonly
called the Rasmussen report, has met with widespread criticism.
However, even if its results were undisputed, the absence of a
general consensus as to what level of risk is acceptable suggests
lack of adequate criteria for determining when reactors are safe
enough. It will always be possible to improve safety through fur-
ther technological development.

2. WASTE DISPOSAL

Making projections regarding the development of waste disposal
facilities is difficult because of uncertainties in the kind of waste
disposal facility that will ultimately be chosen, the types of geologic
sites which will be considered, and the size of initial facilities.

However, DOE has made some preliminary cost estimates for
waste disposal, assuming that commercial wastes will be trans-
ferred to the Government with the payment of a one-time fee, and
that initially retrievable storage and ultimate disposal of spent fuel
rods in a geologic repository will be provided.9 Total government R.
& D. costs in support of commercial spent fuel management
through 1986 are estimated to be $560 million. These costs are
expected to be recovered by the Government through the charge
for spent fuel storage and disposal.

B. Demonstration

N/A.

'Statement of Sheldon Meyers, Program Director, Office of Nuclear Waste Management,
DOE, before the Subcommittee on Research and Production of the Committee on Science and
Technology, U.S. Congress, House, Feb. 20, 1979.

5 U.S. Nuclear Regulatory Commission. "Reactor Safety Study-An Assessment of Accident
Risks in U.S. Commercial Power Plants," Washington, D.C., the U.S. Government Printing
Office, October 1975. WASH-1400 (NUREG 75/014)

9U.S. Department of Energy. "Preliminary Estimates of the Charge for Spent-Fuel Storage
and Disposal Services." Washington, D.C., U.S. Government Printing Office, July 1978, 44 p.
DOE/ET-0055.
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C. Commercialization
Nuclear power is already a commercial technology. However,many problems exist which may hinder further commercial expan-sion of nuclear power. These will be discussed in the followingsection.

III. POTENTIAL OBSTACLES To R. & D. OR TECHNOLOGY
IMPLEMENTATION

A. Technical
The chief technical barriers to increased development of nuclearenergy are uncertainties about the safety of nuclear reactors andthe problem of waste disposal. While some nuclear proponentsbelieve that these are not technical problems but political ones,some opponents to the further development of nuclear energy con-tend that the technology of nuclear reactors is not safe and anenvironmentally sound permanent waste disposal method has notbeen demonstrated. Oppostion will remain strong and the develop-ment of nuclear energy may be hindered until problems with reac-tor safety are resolved and a method of waste disposal is demon-strated to be safe by a convincing body of technical evidence. Itmay be necessary to study a large variety of geological formationsbefore this is accomplished, thus delaying the operation of the firstwaste repositories until 1995.

B. Economic
Despite calculations which show that nuclear power is 10 to 30percent cheaper than power produced in coal-fired plants, and isprojected to remain cheaper through the year 2000,10 new nuclearplants do not appear attractive to utilities. Given the current politi-cal and regulatory climate, utilities are reluctant to commit largeamounts of capital when they cannot be certain that plants will beallowed to operate. Even if they are allowed to operate, new regula-tions may later mandate that safety features, which increase costs,be retrofitted to plants. In addition, the actual costs of waste dis-posal and of decommissioning nuclear reactors are not known.These back-end costs are likely to be only a small part of the totalcosts of generating electricity by nuclear power. However, theyremain highly uncertain until procedures are demonstrated, andcould be significant if they are several times what they are cur-rently expected to be.
In addition to these considerations, a major economic deterrentto the further development of nuclear energy is the long time delaybetween the decision to build a plant and the start of operation.This period is now as long as fourteen years. Much of the longdelay is taken up in obtaining the required licenses for construc-tion and operation. Such delays can cost a utility as much as $24million per month to supply alternate power sources II and addi-

'° Several independent cost comparisons of coal and nuclear energy are summarized in OakRidge Associated Universities. Institute for Energy Analysis. Economic and EnvironmentalImpacts of a U.S. Nuclear Moratorium, 1985-2010. Cambridge, MIT Press, 1979. Chapter 6, Costcomparison between coal and nuclear plants.
" Nuclear Outage Insurance Company ready for Clients. Nuclear Week, Jan. 3, 1980.



52

tional millions in interest charges. The corresponding time to bring
a coal plant on line is about eight years. In the light of uncertain
demand projections for electricity, a utility wanting to delay com-
mitments to build new generation capacity could later be forced to
choose a source other than nuclear if it needs to introduce new
capacity rapidly.

C. Environmental

Most analysts agree that there are fewer environmental prob-
lems associated with generating electicity by nuclear energy than
by the major short-term alternative, coal.12 However, the unique
nature of some environmental problems associated with nuclear
energy may limit its development.

It appears that the disposal of radioactive wastes presents techni-
cal and political problems, which can be solved given sufficient
time. However, it may be many years before these problems are
solved. During that time the accumulation of radioactive waste
products in temporary storage facilities could be judged to be an
unacceptable environmental burden. Several States have already
banned or restricted the building of nuclear power plants or waste
storage facilities within their boundaries until the waste disposal
problem is solved.

The number of deaths resulting from the generation of electricity
from nuclear energy is widely, though not universally, expected to
be less than those resulting from an equivalent amount of electric-
ity generated from coal. However, the character of the risk present-
ed by these technologies is different.13 It is not yet and may never
be possible to rule out an accident at a nuclear power plant which
could result in the death of thousands of people, even though such
an event appears extremely unlikely. If such an event should take
place, it would very likely lead to a rapid decline of the use of
nuclear power. Even without a disastrous accident ever taking
place, the contemplation of such an accident could result in the
placing of much more severe safety standards on nuclear power
plants than exist today. Such standards could mandate the placing
of all nuclear reactors underground or restrict the siting of nuclear
power plants to areas considerably more remote from population
centers than is now the case. These measures to protect the envi-
ronment would reduce the economic viability of nuclear power.

D. Social

The most intractable problems facing nuclear power may well be
the social problems. One of these problems is the polarization
which has taken place between pro and anti-nuclear groups, who
view each other with distrust, and constantly challenge statements
made on one side or the other.

Public misunderstanding of the dangers of nuclear power is an-
other problem. A basic fear of the unknown, the obvious connection
between nuclear power and destructive bombs, and the fact that
accidents leading to large disasters cannot be declared impossible,

2 Ramsay, William. Unpaid Costs of Electrical Energy. Baltimore, Johns Hopkins University
Press, 1979, 180 p. Prepared for the National Energy Strategies Project, Resources for the
Future.

sIbid.
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all are said to have caused some of the public to estimate the risksof nuclear energy as higher than most experts' estimates of thesesame risks.14 A general distrust of the Government by nuclearopponents on nuclear issues often means that government assur-ances with regard to safety serve only to exacerbate fears. Whetheror not these fears are justified, they represent a substantial obsta-cle to further development of nuclear power.

E. Political
The political future of nuclear power is highly uncertain. BySeptember 1, 1979, at least 38 separate measures had been intro-duced into the 96th Congress which would directly affect the regu-lation of nuclear power. Several of these propose moratoria on thegranting of construction or operating licenses for various periods.While Congress has not passed a nuclear moratorium, the NuclearRegulatory Commission declared a "pause" in reactor licensingfollowing the Three Mile Island accident. No new constructionpermits or full power operating licenses have been granted by theNRC since before the accident at the Three Mile Island nuclearplant, which began on March 28, 1979. Although between Marchand May of 1980, the NRC granted permission to load fuel andbegin tests at up to 5 percent of full power to three facilities.The politically uncertain future of nuclear power extends to theState level as well. This is most troublesome with respect to radio-active wastes. At least seven state legislatures have imposed prohi-bitions on the construction or expansion of local nuclear wastestorage facilities or on the transport of radioactive waste into thestate.

Political problems with regard to the siting of temporary Away-From-Reactor (AFR) storage facilities for nuclear wastes may pres-ent constraints on the supply of nuclear power as soon as the mid-1980s. The technology for such temporary storage is well in hand,but the governors of several States which are likely candidates forAFR facilities have indicated that they will oppose the locating ofAFR facilities in their States. The AFR storage problem is dis-cussed more fully below.
F. Other

1. EMERGENCY PLANNING

Partly in response to the Three Mile Island accident, in Decem-ber 1979 the Nuclear Regulatory Commission published proposednew regulations concerning requirements for emergency responseplans to be used in the case of a nuclear accident. The rulemakingprocedure is not expected to be completed before June 1980. TheNRC staff has recommended that all operating licenses be held upuntil States have adequate emergency response plans which meetthe new NRC rules.15 The NRC is also revising its criteria forsiting of new power plants. According to the Director of the Officeof Nuclear Reactor Regulation of NRC, these two efforts, "morethan anything else, contribute to uncertainty about a date for
'Slovic, P., S. Lichtenstein, and B. Fischoff. Images of disaster: Perception and Acceptance ofRisks from Nuclear Power. Electric Perspectives, June-July 1979: 8-20.'5 Remarks of Joseph Hendrie in: Nucleonics Week. Nov. 8, 1979: 9.
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licensing resumption." 16 The NRC staff has proposed that the new
regulations on emergency planning be applied to operating plants
as well. This may lead to the shutting down or the de-rating of
operating plants which cannot meet the new requirements, or
which do not meet them within a designated time.

2. REACTOR OPERATIONS

The President's Commission on the Three Mile Island Accident
found that, without inappropriate operator actions, the Three Mile
Island accident would have been a minor event. The Commission
made several recommendations aimed at improving the operations
of nuclear power plants. The nuclear reactor industry has taken
several steps (including the establishment of an Institution of Nu-
clear Power Operations which will eventually have a staff of 200
people) to improve operator training and nuclear reactor oper-
ations since the Three Mile Island accident. Nevertheless, new
operating license applications may be held up and operating power
plants may be shut down if the NRC determines that a utility has
not taken the proper steps to insure that it can operate its nuclear
plants safely.

3. TEMPORARY WASTE DISPOSAL FACILITIES

In the absence of permanent waste disposal facilities, some cur-
rently operating nuclear power plants will have to shut down,
beginning in the mid-to-late 1980s, unless some AFR facilities for
the temporary storage of spent fuel rods are made available. It
could be possible for private firms to provide this storage; however,
given the present political uncertainty with regard to waste dispos-
al, this appears unlikely. Hence, the Government may have to
provide temporary AFR storage as well as permanent disposal
facilities.

The DOE estimated, in 1978,17 that the total capital costs for
government-owned AFR storage facilities sufficient to meet the
demand beginning as early as 1983, and a permanent waste deposi-
tory commissioned in 1988, sufficient to meet demand to the year
2000, would be about $1 billion.' 8 These costs, R. & D. costs, and
operating costs would be recovered by a fee for waste storage and
disposal. Allowing for variations in the assumptions used in the
calculation, the fee to the utilities would be from $144 to $319 per
kilogram of spent fuel. This represents a cost of 0.6 to 1.3 mills per
kilowatt-hour of a total electricity generating cost of about 15 to 20
mills per kilowatt-hour.

It should be remembered that these costs are only preliminary
estimates. Other estimates of the costs of waste disposal are as
much as three times as high. 9

16 Ibid., p. 2. Remarks of Harold Denton.
1 7 Preliminary Estimates of the Charge for Spent-Fuel Storage and Disposal Services. Op. cit.

'
8
Since then, estimates of the earliest need for AFR storage has slipped several years and the

earliest introduction date for a permanent depository has also been pushed back.

19 U.S. Congress. House. Committee on Government Operations. Nuclear Power Costs. Hear-

ings held Sept. 12, 13, 14, and 19, 1977. 95th Congress, 1st session. Washington, D.C., U.S.

Government Printing Office, 1977. 974 p.
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4. ENRICHED URANIUM SUPPLY

Another requirement for increased commercialization of nuclearpower is provision for an adequate supply of enriched uranium.The Federal Government owns and operates the plants in whichnatural uranium is enriched to the 3 percent uranium-235 contentrequired for LWR's. If nuclear energy is to experience substantialgrowth in the period beyond 1990, it will be necessary for theGovernment to expand its uranium enrichment facilities or providefor private enrichment facilities. Current expansion plans shouldprovide enough enrichment capacity through 1988. Since enrich-ment plants can be built in less time than nuclear power plants,there would be ample time to plan for increased enrichment capac-ity of new orders for nuclear reactors begin to increase.
IV. POTENTIAL CONTRIBUTION TO U.S. ENERGY SUPPLIES

A. Contribution by 1990
As of January 1, 1980, operating LWRs provided about 52 Gw(Gigawatts) of electrical generating capacity. Reactors under'con-struction, represented another 100 Gw. Nuclear plants representingan additional 30 Gw had pending construction permit applications,or had been ordered or announced by January 1980. In view of the12 to 14 years needed to bring a reactor on line, the total of thesethree figures provides an upper limit of 182 Gw which could beavailable by 1990. A lower limit of 131 Gw can be established fornuclear capacity for 1990 by assuming that only reactors underconstruction and more than 2 percent completed will be operatingby that date.
Taking into account construction and licensing delays for thosereactors in the pipeline, DOE's best estimate for nuclear generatingcapacity for 1990 is 152 Gw.20 This is the equivalent of 9.4 Quads ofenergy and represents about 9 percent of the expected total energyneeds of the United States for 1990 and about 22 percent of theelectricity that will be generated.21
The DOE low estimate for the nuclear generating capacity for1990 is 142 Gw. A DOE survey of electrical utilities in January,1979 determined that they expect to have a combined total of 181Gw of nuclear generating capacity in 1990. Several other estimatesof 1990 nuclear capacity, by DOE, by other Government agencies,and by private institutions, released in the past year, have allfallen between these two limits.22

B. Contribution by 2000 or Beyond
After 1990, the situation for nuclear energy becomes more diffi-cult to predict, because new orders for nuclear power plants mustbe considered. The 1990 low estimate of 131 Gw is probably still avalid estimate to the year 2000. However, it is conceivable thatsome sort of moratorium on nuclear plants could reduce thisnumber.

20 U.S. Dept. of Energy. Energy Information Administration. Annual report to Congress 1978,v. 3, Forecasts. Washington, U.S. Government Printing Office, 1979. DOE/EIA-0173/3.21 Ibid.
22 Ibid.
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Given a fair likelihood that no dramatic improvement in the
statement over nuclear power will occur in the next few years, and
that the 12 to 14 years required to bring a new plant on line will
remain unchanged, it is difficult to see how much more than a
total of 300 Gw of nuclear generating capacity can be available by
the year 2000. This is the DOE maximum estimate for that time
and represents about 30 percent of the total electrical generating
capacity that DOE estimates will be available at that time. This
figure does not include any significant contribution from advanced
reactor designs or breeder reactors.

A moderately optimistic estimate of the contribution of nuclear
energy for the year 2000 is 260 Gw. This would occur if there were
no drastic curtailment of the nuclear reactors which are now in the
pipeline and a modest number of new orders were placed in the
mid-1980's.



NATURAL GAS *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technol°oy
Natural gas is closely related to crude oil and is formed undersimilar geological conditions. The decomposition of organic matter,with the aid of bacteria, in an oxygen poor environment results inthe formation of methane and other hydrocarbons. Natural gas(mostly methane) is often dissolved in oil at the high pressuresexisting in the reservoir (associated gas) and is separated from theoil after extraction from the well. It also can be obtained from gaswells drilled into reservoirs which contain natural gas but no oil(non-associated gas); and from reservoirs in which the gas occursabove the oil, but is not dissolved in it (associated gas).The search for natural gas closely parallels the search for oil.Structures are identified by subsurface geology and geophysics andtested by drilling with rotary rigs (either on or offshore). In thecase of gas, however, pipelines are necessary to transport the gas tomarket, although in some cases the gas can be liquefied and trans-ported in special tankers.
The production of conventional natural gas is much more effi-cient than the production of oil. Depending upon reservoir perme-ability, recovery can be as high as 75 to 80 percent of the originalin place gas.

B. Known Resources and Reserves
Proved reserves of domestic natural gas totaled 194.9 trillioncubic feet at the end of 1979 compared to 200.3 trillion cubic feet atthe end of 1978, which in turn was 8.6 trillion cubic feet less thanat the end of 1977 (see Table 1). The drop in natural gas reservesmarked the ninth consecutive year of domestic gas reserves de-cline, beginning at the end of 1970 when gas reserves stood at 290.7trillion cubic feet.
Inferred gas reserves are those reserves, in addition to provedreserves, which eventually should be added to proved reservesthrough extensions, revisions, and new producing zones in knownfields. Inferred reserves have been estimated by theU.S. GeologicalSurvey at 201.5 trillion cubic feet. 2

The U.S. Geological Survey, at the end of 1974, estimated domes-tic undiscovered recoverable gas reserves as ranging from about322 to 655 trillion cubic feet (the low value the quantity associatedwith a 95 percent probability that there is at least this amount andthe high value associated with a 5 percent probability of occur-
'Prepared by Joseph P. Riva, Jr., specialist in earth sciences.'Reserves of Crude Oil, Natural Gas Liquids, and Natural Gas in the United States andCanada as of Dec. 31, 1978. American Gas Association, vol. 33, June 1979, p. 117, and AmericanGas Association News Release, May 5, 1980.
2 Miller, Betty M. et. al. Geological Estimates of Undiscovered Recoverable Oil and GasResources in the United States. Geological Survey Circular 725, p. 31.
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rence).3 The statistical means was estimated to be about 484 tril-
lion cubic feet.4 Since the end of 1974, 63.5 trillion cubic feet of this
gas has been added to domestic reserves, leaving an estimated
recoverable resource base of 420.5 trillion cubic feet (484-63.5).

TABLE 1.-SUMMARY OF OIL AND GAS INFORMATION

Type Production 1979 Proved reserves, 1979 Inferred reserves Resource base (oesuctioma 199e

Conventional oil . 2.96 billion bbIs/yr... 27.1 billion bbIs . 17 billion bbls........... 75 billion bbls ...... 2.2 billion bbls/yr.

8.1 million bbls/ ......................................................................................................... 5.8 million bbls/

day. day.

Heavy oil .. 0.182 billion bbls/ 7.5-20.5 billion ....... 118 billion bbls .365 billion bbls/yr.

yr bbls.
0.5 million bbIs/ ......................................................................................................... I million bbls/day.

day.
Conventional gas . 19.9 trillion cu. 194.9 trillion cu. it .. 201.6 trillion cu. ft .. 420.5 trillion cu. ft 17.1 trillion cu.

ft./yr. ft./yr.

Unconventional gas:
Geopressured None .None .42-1640 trillion 0-1 trillion cu. ft./

gas. cu. ft. yr.

Denonian shale 0.1 trillion cu. ft./ 2.6-3.4 trillion cu ....... 200-900 trillion 0.1-0.6 trillion cu.

gas. yr. ft. cu. t ft./yr.

Tight gas sands I trillion cu. ft./yr. .. 10 trillion cu. ft ....... 240-300 trillion 2-8 trillion cu. ft./
cu. ft. yr.

Coal seam gas . None .08 trillion cu. ft ....... 300 trillion cu. ft .04-05 trillion cu.
ft./yr.

C. Current Contribution to US. Energy Supplies

In 1979, 19.9 trillion cubic feet of conventional natural gas was
produced, reversing five consecutive years of production decline.
Peak domestic gas production was 22.6 trillion cubic feet in 1973
and since that time production had dropped each year, to a low of
19.3 trillion cubic feet in 1978.

The United States also receives gas from Mexico and Canada.
The Mexican gas began flowing on January 15, 1980. The rate is
300 million cubic feet per day (300 billion Btu per day) at a cost of
$3.625 per million Btu. Canadian gas, on the other hand, has been
flowing to the United States for a number of years, with some long-
term contracts in force running to 1995. In December of last year,
the National Energy Board of Canada released an additional 3.75
trillion cubic feet of gas for sale to the United States. Although
significantly less than the original request for about 9 trillion cubic
feet made last summer, the amount is almost twice the volume of
the Board's earlier estimate of surplus available for export. The
additional gas represents a 40 percent increase over the 9.4 trillion
cubic feet remaining to be shipped to the United States under
previously issued export licenses.5

Some of the new exports began on January 1, 1980, and all
existing contracts expire by the end of 1987. Border prices are $3.40
per thousand cubic feet.6

3 Ibid.
4 Ibid.
I Kennedy, Tom. "Industry Welcomes New Canadian Gas Export Levels." The Oil Daily, Dec.

10, 1979.
' Ibid.
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D. State-of-the-Art

As in the case of oil exploration and development, rotary rigs are
capable of drilling to depths of 30,000 feet. In the offshore environ-
ment wells can be drilled and completed in water up to 3,000 feet
deep and exploratory holes can be drilled in water up to 6,000 feet
in depth. This technology can be extended if the discovery patterns
and geology indicate hydrocarbon prospects at greater depths
which may be economically exploited. Geophysical surveys can be
carried out with a high degree of accuracy, but even the "bright
spot" seismic technique, a good indicator of the presence of subsur-
face gas, does not provide an absolute measure of commercial hy-
drocarbons. A hole still must be drilled to find natural gas or oil.
Also, gas pipelines are common as the technology is available to
transport large quantities of gas over long distances.

E. Current Research and Development

The drilling and geophysical research and development needed
for the discovery and production of hydrocarbons is carried on for
the most part by the petroleum industry. The industry is concerned
with drill bit design, technology to monitor hole condition during
drilling, turbodrill design, and improved geophysical equipment.
Offshore drilling R. & D. includes research on various kinds of
drilling platforms, usually to increase depth capability and to func-
tion in polar waters. The Department of Energy has a $2.37 million
R. & D. program to improve drilling and off shore technology
systems. This effort also includes research on seafloor instrumenta-
tion.7

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

To further develop the domestic conventional gas resource, addi-
tional exploration and wildcat drilling is necessary. In foreign oil
producing states there is often a gas development problem. There
may be a surplus of natural gas resulting from the discovery of gas
fields in conjunction with oil discoveries, and from associated gas in
producing oil fields. In foreign areas which do not export hydrocar-
bons, the discovery of gas would be beneficial and, like in the
United States, the problem is one of exploration and resource base.

In 1977, 10,112 wildcat wells were drilled in the United States. Of
these 1,477 became gas producers. For 1977, expenditures for hy-
drocarbon explorations were as follows: geological and geophysical
work, $800 million; land acquisition, $2,800 million; drilling and
equipping wells, $3,100 million; and other expenses, $800 million.
The average cost per well drilled was $307,000.

The Natural Gas Policy Act of 1978 regulates all aspects of the
producer's gas business. Under the Act, price ceilings are set for
certain categories of gas to encourage the exploration for and de-
velopment of additional gas reserves. Maximum price ceilings for
existing interstate and intrastate gas contracts were also provided
by the Act. There is now a Federally controlled ceiling price for

'Department of Energy. Fiscal year 1981 Congressional Budget Report. Fossil Energy Re-
search and Development Energy Production, Demonstration, and Distribution. Vol. 6, January
1980, p. 136-137.

71-990 0 - 81 - 5
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almost all natural gas sales. For newly discovered gas, these prices
are independent of whether the gas is sold to interstate or intra-
state markets. Higher ceilings have been set to encourage wildcat
drilling, while lower ceilings are used to encourage development
drilling of proven reserves." Special price incentives have been
added to encourage the continued production of low-volume wells
and the drilling of high-risk wells. All ceiling prices are the highest
amounts to be permitted for the qualifying wells, but are not
intended to replace contract arrangements between producers and
pipeline purchasers which may provide for lower prices.9

During 1968, exploration wells drilled near Prudhoe Bay discov-
ered the largest hydrocarbon accumulation yet found in North
America. The field contains an estimated 9.7 billion barrels of
liquid hydrocarbons and 26 trillion cubic feet of natural gas. In
order to utilize the gas in this giant field, a pipeline would be
necessary. The Alaska natural gas pipeline, if completed would
become one of the most costly projects in history. Due to the scale
of the project, the physical environment in which the line must be
built, and legal and environmental constraints, the project has not
been started. If the pipeline is completed, the gas known to be in
the Prudhoe Bay Structure and other gas discovered in the area
could be made available to the lower 48 States. Further, once the
Alaska gas pipeline is operating, it would probably be possible to
complete the Dempster Highway Lateral Pipeline to recently dis-
covered new gas supplies in the Mackenzie Delta, the Beaufort Sea,
and the Arctic Islands of Canada.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

Natural gas has been produced from the ground for over a hun-
dred years. The gas industry is mature and its methods of oper-
ation well defined. Domestically, the greatest obstacle to further
development is limited access to public lands, rather than inad-
equate technology. In the United States less than 3 percent of the
total continental shelf has been leased for hydrocarbon exploration,
compared to between 35 and 50 percent for the rest of the non-
Communist world. Also, large areas in Alaska cannot be explored
for hydrocarbons because of restrictions on land use. The produc-
tion of nonassociated gas has less environmental impact than the
production of oil. However, there is always a remote chance of a
blowout or fire. The production of associated gas (along with oil)
includes the potential problems associated with fluid removal, such
as subsidence.

8 Holland, Charles J. Jr. "Drilling for Gas: It's Complicated Now." World Oil, March 1979, p.
55.

9 Ibid., p. 56.
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IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990

1. MAINTAINING CURRENT PRODUCTION

Most energy studies completed in the middle 1970's, a time of
domestic natural gas shortages, projected a decrease in convention-
al domestic natural gas production by 1990.10 To maintain current
production of 19.9 trillion cubic feet per year to the year 1990
would require the following: 199 trillion cubic feet of gas would
have to be produced during the next decade, and the proved re-
serves in 1990 would have to be 159.2 trillion cubic feet to maintain
a declining annual reserves/production ratio to 8/1. On that basis,
a total of 358.2 trillion cubic feet (199 + 159.2) of conventional
natural gas would have to be available. Proved natural gas re-
serves are 194.9 trillion cubic feet. Thus, 163.3 trillion cubic feet
(358.2 - 194.9) would have to be added to proved gas reserves
during the period. This averages to 16.3 trillion cubic feet per year.

The average reserve additions for the decade of 1970's (including
the giant Prudhoe Bay Field) were 12.7 trillion cubic feet per year.
If Prudhoe Bay is not included (and such giant fields are very rare),
the yearly average was only 10.1 trillion cubic feet. With drilling at
a high level, 1977 and 1978 were good years for additions to gas
reserves with 11.9 and 10.6 trillion cubic feet, respectively, added.
This can be contrasted with only 7.6 trillion cubic feet added to gas
reserves in 1976. In 1979, a major drilling effort in response to
higher prices, increased reserve additions to 14.3 trillion cubic feet.
Thus, it can be seen that the addition of an average of 16.3 trillion
cubic feet of gas per year for the next decade would require an
immense drilling effort.

It has been estimated that, to maintain current levels of oil and
gas production to 1990, oil and gas capital requirements would rise
from the current $20 billion to $142 billion in 1990, in current
dollars. This is estimated to then be 21 percent of the Nation's total
business investments for that year, compared to 9 percent last
year. The oil and gas industry is unlikely to capture such a high
proportion of total business investment. I'

2. MAINTAINING CONSTANT ADDITIONS

It is unlikely, given the domestic geological and Federal leasing
situation, that 163.3 trillion cubic feet of gas can be added to
proved reserves in the coming decade. If the conventional natural
gas additions to proved reserves of the past decade including Prud-
hoe Bay reserves (an average of 12.7 trillion cubic feet of gas per
year) and a decline in reserves/production ration to 8/1, are used
to project production to 1990, only 17.1 trillion cubic feet of gas per
year would be produced at the end of the next decade. Yearly
domestic production would be down 2.8 trillion cubic feet, or about
14 percent. Domestic reserves would be down to 137.2 trillion cubic

10 Riva, Joseph P. "Present and Future Domestic Supply of Natural Gas. U.S. Energy Demand
and Supply 1976-85." Subcommittee on Energy and Power, Committee on Interstate and For-
eign Commerce, U.S. Government Printing Office, March 1978, p. 47.

" "An Energy Viewpoint From Bankers Trust." Hon. John W. Wydler, Congressional Record.
Nov. 8, 1979, p. E5519.
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feet from the current 194.9 trillion cubic feet. However, since the
reserve additions average of 12.7 trillion cubic feet per year was
only surpassed twice in the 1970s, predictions of reduced conven-
tional gas production by 1990 cannot be considered unrealistically
pessimistic.

3. AVERTING SHORTAGES

Other current studies have assessed the problems of averting
shortages of natural gas. One study indicates that domestic drilling
for natural gas must double in the next six years to prevent severe
supply shortages. Doubling of drilling activity by 1985 translates
into a growth rate of about 12 percent per year in the number of
successful gas wells drilled.' 2 If such an increase is to be achieved
and maintained, it is almost certain that drilling at greater depths
and in frontier areas will have to be successful and this will be
much more expensive.

B. Contribution by 2000 or Beyond

To attempt to project domestic conventional gas production
beyond 1990, it is necessary to estimate the rate of production
during the 1980's and the ultimate size of the resource base. With
inferred reserves at 201.6 trillion cubic feet and undiscovered re-
coverable conventional gas resources estimated between 322 and
655 trillion cubic feet, the conventional gas resource base appears
to be large enough to sustain significant domestic gas production
into the 1990's. The frontier areas will, however, become more and
more important as onshore, lower 48 State prospects are exhausted.
Also, the exploratory drilling will be deeper. This very deep drill-
ing (below 15,000 feet) will search for gas rather than oil, as the
high rock temperatures break oil down into gas at these depths.
The cost of drilling in frontier areas and of very deep wells is much
greater than the cost of normal onshore drilling. Lead times in
frontier areas required to bring gas fields on stream will be at least
five to ten years, so some of the gas that will be made available in
the 1990's will have to be discovered in the early 1980's.

Conventional gas production will likely decline in the 1980's and
this decline will probably continue into the 1990's. The only chance
to reverse this trend is to discover many giant gas fields. This is a
very slim chance, but if these fields exist domestically they will
either be found deeper under known hydrocarbon areas, or in the
frontier. In either case they will be expensive to exploit and much
time will be needed. The increase in gas production in 1979 was
partly the result of a reduction of the reserves/production ratio to
below 9/1 in the lower 48 states. It is not likely that this ratio can
be reduced much lower, thus new discoveries will be important to
increased production rather than producing old fields at faster
rates.

Two areas have recently shown promise to significant gas discov-
ery. One area is the Appalachian basin, a long target of oil and gas
exploration. However, past drilling has focused mostly on the shal-
lower formations. The basin remains an attractive and highly pros-
pective area to look for hydrocarbons, especially deep gas. Expen-

12 "Study Says Drilling For Gas in United States Must Double." Oil and Gas Journal, Oct. 29,
1979, p. 76.
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sive and deep exploratory drilling programs in the basin in the
past few years have been frustrating to many, but fruitful to a few.
There is continued interest in the area, especially since a recent
U.S. Geological Survey report indicated that seismic work has
shown that the sedimentary rocks in the Appalchian overthrust
belt may extend more the 100 miles farther east than originally
thought. That would more than double the present area for oil and
gas exploration. ' 3

A second and potentially more significant region of recent gas
exploration is the Overthrust Belt, currently the Nation's best new
onshore gas prospect. The area of present exploration lies in Wyo-
ming and Utah, but the belt may extend farther than this, both in
a north and south direction. Following five years of intensive explo-
ration, the belt has yielded 12 commercial gas fields. Present pro-
duction is still rather modest, awaiting new gas plants and pipeline
capacity, but reserves appear large by U.S. standards, with the
potential to be of real significance if discoveries are made in the
older rocks in deeper and broader fold type traps. Thus far 11
different formations have been established as commercially produc-
tive, and exploration continues.' 4

'3 McCaslin, John C. "New Finds Heat Appalachian Basin Interest." The Oil and Gas Jour-
nal, Feb. 11, 1980, p. 149.

'4Anschutz, Philip F. "The Overthrust Belt: Will It Double U.S. Gas Reserves?" World Oil,
January 1980, p. 111-116.
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I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology

The search for oil begins with the use of general geological
knowledge to locate geographic areas that are likely to contain oil
reservoirs. When such an area has been found, both geological and
geophysical studies are made. Surface and subsurface geology are
used to determine the structure and stratigraphy of the area and
also may help to locate specific drilling sites. Geophysical surveys
consist of reflection and refraction seismology, gravity meas-
urements, and magnetic mapping. These techniques are used to
measure the geophysical parameters of the prospect area as an aid
in locating geologic structures and, thus, drilling prospects.

As drilling is required to be certain of the existence of an oil
reservoir, the basic tool in the discovery of oil is the rotary rig.
These rigs have gone through a period of evolution and the largest
are now capable of drilling holes in excess of 30,000 feet.' Current-
ly, over 3,000 rigs are actively drilling in the United States.2

Drilling methods offshore are similar to those onshore, although
a platform is needed to support the rotary rig and its associated
equipment. As is the case on land, the hole is made by rotating a
drill bit on the end of a string of drill pipe. Rock cuttings are
removed from the hole by the drilling-mud which is circulated
through the drill bit. Marine risers have been developed to conduct
the drill string to the sea floor, permitting some lateral and verti-
cal movements during drilling operations. There are four basic
types of offshore exploratory drilling platforms now in use; barges,
drill ships, jack-ups, and semisubmersibles. If commercial accumu-
lations of oil are discovered offshore, production may be accom-
plished from fixed platforms, gravity platforms, or subsea comple-
tion systems.

Very few of the oil wells completed flow of their own accord;
about 90 percent require some means of artificial lifting. This can
be accomplished by any of the number of pumping systems, the
choice of which depends upon the depth of the well, the nature of
the reservoir, the gas/oil ratio, the viscosity of the oil, and, of
course, the costs involved.

The amount of in-place oil that will flow or can be pumped from
a reservoir varies from 5 to 80 percent depending on the pressure
in the reservoir, the viscosity of the oil, and the permeability of the
reservoir rock. This initial production is known as primary recov-

'Prepared by Joseph P. Riva, Jr., specialist in earth sciences.
"Five Regional Drilling Records Set in 1978." World Oil, Feb. 15, 1979, pp. 93-94.
"Hughes Rig Count." The Oil and Gas Journal, Apr. 28, 1980, p. 157.
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ery and averages only about 20 percent of the total in-place oil.3Secondary recovery methods can be used to increase the percentageof oil recovery from a given reservoir. These methods either at-tempt to increase the permeability of the reservoir rock by acidiz-ing or fracturing, or to restore original reservoir pressure by theinjection of water or natural gas.4 Secondary recovery methods canimprove recovery to between 30 to 60 percent of the total in-place
oil.

The enhanced recovery processes devised to recover that part ofthe oil remaining after the use of secondary methods are termedtertiary techniques. These techniques usually attempt to reduce oilviscosity and capillarity by the introduction of heat or other inject-:ed substances such as carbon dioxide, polymers, solvents, surfac-tants, and micellar fluids in various combinations depending uponreservoir conditions.5 Tertiary techniques can further increase re-covery, from 40 to as much as 80 percent of the total in-place oil inthe reservoir, depending upon the process used and the reservoir
conditions.

B. Known Resources and Reserves
The United States' proved -rude oil reserves dropped by an esti-mated 1.7 billion barrels in 1978, despite the highest level of drill-ing activity in 20 years. Industry estimates of proved reserves(identified quantities of oil considered, on the basis of engineeringand geological knowledge, to be recoverable under current econom-ic conditions) were 27.8 billion barrels as of December 31, 1978,down from the 29.5 billion barrels estimated a year earlier.6 Morethan 1.3 billion barrels were added to reserves in 1978, but 3.03billion -barrels were produced, leading to the drop in estimatedreserves. In 1979, proved reserves again dropped, but this drop wasonly about 700 million barrels, to an estimated 27.1 billion barrels.7Since 1970, total additions to domestic conventional oil reserveshave averaged .only about 1.9 billion barrels per year, excluding theaddition of Prudhoe Bay reserves in 1970. With drilling continuingto increase, the success rate for exploration has declined. However,reserve additions last year were up about 0.86 billion barrels overthe year before.

The reliability of estimates of the proved productive reservesvolumes of new discoveries or of partially developed reservoirsvaries according to the amount of geological information availableat the time the estimate is being made. Such necessary factors asthe areal extent of the reservoir, the average thickness of theproducing horizons, the thickness of the oil column within thereservoir, and the continuity of the reservoir characteristics cannotbe determined accurately without sufficient subsurface informa-tion. The ultimate size of newly discovered reservoirs (in old or newfields) is seldom determined in the year of discovery. Thus, firstyear estimates of proved reserves in new reservoirs are often small-
Riva, Joseph P., Jr. "Secondary and Tertiary Recovery of Oil." Report Prepared for theSubcommittee on Energy of the House Committee on Science and Astronautics, U.S. Govern-ment Printing Office, Washington, D.C., October 1974, p. 55.Ibid.

'Ibid.
."Reserves of Crude Oil, Natural Gas Liquids, and Natural Gas in the United States andCanada as of December 31, 1978," American Petroleum Institute, American Gas Association,Canadian Petroleum Association, v. 33, Jt.'e 1979, pp. 22-23.
7 "Decline in Reserves of U.S. Oil Slowing," Washington Star, May 8, 1980.
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er than the total that will eventually be assigned, resulting in
upward revisions in subsequent years on the basis of additional
information provided by new drilling and production.8

Inferred reserves are those reserves, in addition to proved re-
serves, which should eventually be added to proved reserves
through extensions, revisions, and new producing zones in known
fields. Inferred reserves are estimated by extrapolating the rate of
growth of discovered petroleum volumes for each region of the
United States using correction factors based upon the time lapse
since the initial year of discovery. The wide variability in the data
used and the fact that proved reserves are also estimates cause a
significant degree of uncertainty in the calculations of inferred
reserves.9 Inferred reserves in the United States were calculated
by the U.S. Geological Survey at 23.1 billion barrels of oil at the
end of 1974. Inferred reserve figures are now estimated at between
13 and 21 billion barrels.

Undiscovered petroleum resources are even more difficult to esti-
mate. The total amount of petroleum recoverable from a sedimen-
tary basin is determined by the volume originally generated from
the deposited organic matter and by the geologic history of the
basin. The amount of oil theoretically formed may be estimated
from the volume and quality of the source rocks, and comparisons
to known oil producing areas; and then all the available lithologic,
tectonic, hydrodynamic, and physical data can be employed to
arrive at a projection of the quantities of oil which may be expect-
ed to be trapped and eventually recovered. However, any such
volumetric estimates necessarily have a low reliability since a rela-
tively small and unexpected change in the thickness of a source
bed or in the continuity of a reservoir horizon can affect a resource
estimate in a partly explored region by a very large factor. The
U.S. Geological Survey's most recent estimate of undiscovered do-
mestic oil resources is given as a range of 50 to 127 billion bar-
rels.10 The low value of the range is the quantity associated with a
95 percent probability that there is at least that amount and the
high value is the quantity of oil associated with a 5 percent prob-
ability of occurrence. The statistical mean for undiscovered recov-
erable oil reserves is 82 billion barrels." These estimates were as
of December 31, 1974. Since that time an additional 7.4 billion
barrels of oil have been discovered.

If the statistical mean is used, then about 74.6 billion barrels of
oil (82 -7.4) may remain undiscovered in the United States. How-
ever, the 1974 assessment did not include offshore areas beneath
more than 200 meters of water or much new drilling data which
has since become available. Therefore, a new Geological Survey
assessment is under way which will include the deeper portions of
the continental shelves and revisions in areas where more com-
plete subsurface information is now available.

s Riva, Joseph P., Jr. "Present and Future Domestic Supply of Oil and Natural Gas Liquids.
U.S. Energy Demand and Supply 1976-85." Report Prepared for the Subcommittee on Energy
and Power of the House Committee on Interstate and Foreign Commerce, U.S. Government
Printing Office, March 1978, p. 36.

Ibid.
'° Miller, Betty M., et al. "Geological Estimates of Undiscovered Recoverable Oil and Gas

Resources in the United States." Geological Survey Circular 725, National Center, Reston, Va.,
1975, p. 28-29.

II Ibid.
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C Current Contribution to U.S. Energy Supplies

For the United States, liquid hydrocarbons are the primary
source of energy, currently satisfying about one-half of total energy
demand. In 1978, 3.03 billion barrels of domestic crude oil (about
8.3 million barrels per day) were produced from conventional reser-
voirs. To satisfy domestic demand, however, it was also necessary
to import 2.275 billion barrels of foreign crude oil, at an average
rate of 6.2 million barrels per day. Crude oil imports, however,
were down 0.139 billion barrels from a peak of 2.414 billion barrels
in 1977, while domestic production was up about 6 percent. Both
the reduction of imports and the increase in domestic production
were the result of a large increase in production from the giant
Prudhoe Bay field, located on the north slope of Alaska. In 1979,
domestic oil production slipped to 2.96 billion barrels (about 8.1
million barrels per day).

D. State-of-the Art

Rotary rigs are capable of drilling to depths in excess of 30,000
feet. Offshore rigs can drill and complete wells in water depths of
up to 3,000 feet and exploratory drilling can be conducted in water
depths of up to 6,000 feet. The technology can be extended if the
discovery prospects appear to warrant the expense. Seismic, mag-
netic, and gravity surveys can be carried out with a high degree of
accuracy, but even the new "bright spot" seismic technique is not a
direct measurement of subsurface hydrocarbons. A hole must still
be drilled to confirm the presence of oil.

In the United States enhanced (tertiary) recovery field tests
result in the production of in excess of 375,000 barrels per day of
oil. There are over 350 currently active and planned enhanced
recovery projects. While most of these projects involve field tests of
the thermal recovery of heavy oil, there are an increasing number
of tests of gas and chemical floods. However, because of the com-
plex nature of these field tests, a number of years are necessary for
evaluations to be completed. 1 2

E. Current Research and Development

Drilling and geophysical research and development are carried
on mostly by the petroleum industry, whose concerns include drill-
ing bit design, turbodrills, and improved geophysical sensors.

Offshore drilling R. & D. includes work on drillships and semi-
submersibles with increased depth capacities and the ability to
work in polar areas, and on drilling platforms for deep water, such
as gravity and tension leg platforms. Enhanced oil recovery re-
search is done in both the private and the Federal sectors. The
objective of the Department of Energy's $19.4 million program is to
assess the potential of enhanced oil recovery and to develop the
technology needed to make enhanced recovery technically and eco-
nomically feasible. 1 3

12 Noran, Dave. "Growth Marks Enhanced Oil Recovery." The Oil and Gas Journal, Mar. 27,
1978, p. 114.

13 Department of Energy. Fiscal year 1981 Congressional Budget Request. Fossil Energy
Research and Development Energy Production, Demonstration, and Distribution. Vol. 6, Janu-
ary 1980, p. 127.
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II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

For further domestic and foreign development of the convention-
al oil resource, additional drilling and production are necessary. In
1976 an estimated $14.5 billion was spent on domestic exploration
and production combined.14 Exploration and production expendi-
tures have, of course, increased since because of inflation and
increased oil activity.

In 1977 10,112 domestic exploratory holes were drilled. Of these,
1,209 became oil producers; 1,477 became gas producers, 7,276 were
dry holes; and 151 were drilled for stratigraphic information. Thus,
27 percent of the exploratory drilling was successful. For 1977
domestic expenditures were as follows: geological and geophysical
work, $0.8 billion; land acquisition, $2.8 billion; drilling and equip-
ping wells, $3.1 billion; and other expenses, $0.8 billion, for a total
of $7.5 billion. The average cost per well drilled was $307,000 and
the total average exploration cost per barrel of oil found was $2.82.
Half of the money was spent by 20 major integrated oil companies
and the other half by about 5,000 independents of which about 300
are publicly owned companies. In addition to the funds provided by
the major oil companies and many of the independents, the use of
capital raised by public subscription drilling funds is an important
source of money for some independents. The funds raised by about
50 companies in this manner were estimated to be about $539
million in 1977.15

On a broader scale, it has been estimated that it would cost $179
billion to drill the number of new field wildcats believed necessary
to maintain 1978 discovery levels through 1990.16 It has also been
projected that in excess of $1 trillion will be necessary to meet the
world's oil needs for the 10 year period that began in 1977.l7

In Federal R. & D. for the current fiscal year, the request from
DOE for petroleum R. & D. includes $2.37 million for drilling and
offshore technology (to deploy, monitor, and evaluate seafloor in-
strumentation) and $19.4 million for enhanced oil recovery. The
enhanced oil recovery request represents a decrease of $2.0 million
from the previous year. Also, a recent DOE Economic Regulatory
Administration rule permits producers to recoup 75 percent of
some of the costs of using specific enhanced oil recovery tech-
niques. This is accomplished by increasing prices on some of their
crude oil to world market levels. No more than $20 million can be
recouped from any one property."' This ruling is expected to pro-
vide additional capital for enhanced recovery projects.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

The exploration for and production of conventional oil is an
activity that has been underway throughout the world for over a
century. The petroleum industry is mature and its methods of

14 Capital Investments of the World Petroleum Industry and Financial Analysis of a Group of
Petroleum Companies. The Chase Manhattan Bank, Basic Petroleum Data Book, American
Petroleum Institute, October 1978, sec. V, table 9.

Arthur D. Little, Inc. Unpublished report
Haun: "New Finds Require Drilling, Spending Hike." Oil and Gas Journal, Oct. 15, 1979, p.

94.
i7 Andrews, Bruce. "$1 Trillion to Meet Oil Needs." The Oil Daily, Jan. 6,1977.
18 "ERA Allows Some Recovery of Tertiary Project Costs." The Oil Daily, Aug. 28, 1979.
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operation well-developed. In the United States the greatest obstacleto implementation of the existing technology is limited access tosome Federal and State lands. Large land areas, especially inAlaska, are precluded from exploration and less than 3 percent ofthe total U.S. continental shelf has been leased for oil and gasexploration. This compares to about 35 percent in other non-Com-munist countries. In Africa and Oceania well over half of thecontinental shelf areas are under lease and in Asia the leased shelfarea approaches 40 percent.19

Oil recovery sometimes causes environmental problems. The pro-duction of underground fluids occasionally is responsible for thesettlement of the land surface. Injection of fluids, as in some sec-ondary or tertiary recovery processes, has been known in veryrare instances to have triggered small earth tremors. If the well isnot adequately cased, injected fluids also may enter aquifers andpollute drinking water. The stream generators used to produceinjection stream for thermally enhanced oil production can causesubstantial air pollution problems.

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990
Most energy studies completed in the middle 1970s projecteddomestic oil production gains by 1985 and certainly by 1990. In asurvey of ten such studies, five carried the projections to 1990. Theaverage of the 1990 estimates for domestic oil production was 4.6billion barrels. 20 To actually achieve such production in 1990 thefollowing conditions would have to be met: (a) about 38.6 billionbarrels of oil would have to be produced between 1980 and 1990,gradually increasing from the present 2.96 billion barrels per yearto the 4.6 billion barrels projected; and (b) the proved reserved in1990 would have to be 41.4 billion barrels to sustain a reserves/production equal to the present 9/1 in 1990 (physical constraints

generally limit annual withdrawal to an amount equal to about 1/9of proved reserves).
Thus, total oil needed by 1990 to attain a production of 4.6 billionbarrels per year is 80 billion barrels (38.6 billion + 41.4 billion).Proved reserves in 1979 were 27.1 billion barrels and inferredreserves have been estimated at about 17 billion barrels. Additional

oil may come from enhanced oil recovery. Estimates show that by1990, 3 million barrels of oil per day may be derived from known
fields by the use of enhanced oil recovery methods, at a price of $25per barrel.21 If this optimistic estimate is extrapolated back to 1980using available tables,22 enhanced oil recovery would very optimis-
tically account for an additional 7.2 billion barrels between 1980and 1990. Thus, the oil available in 1990 would be 27.1 billionbarrels (proved reserves) + 17 billion barrels (inferred reserves) +7.2 billion (enhanced recovery form existing fields) = 51.3 billion

12 "Search for Oil Will Focus Offshore." International Petroleum Encyclopedia, The Petro-leum Publishing Company, Tulsa, Okla., 1976, pp. 282-283.20 Riva, Joseph P. 'Present and Future Domestic Supply of Oil and Natural Gas Liquids. U.S.Energy Demand and Supply 1976-85," Subcommittee on Energy and Power, House Committeeon Interstate and Foreign Commerce, U.S. Government Printing Office, March 1978, p. 41.21 National Petroleum Council estimate.2 2 Ibid.
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barrels. Since a total of 80 billion barrels would be needed to
sustain a production of 4.6 billion barrels in 1990, 28.7 billion
barrels would have to be discovered during this period.

To find 28.7 billion barrels of oil between 1980 and 1990, the
average discovery rate would have to be 2.9 billion barrels per
year, but the average rate of proved reserve additions would have
to be 5.3 billion barrels per year (new discoveries plus inferred
reserves and enhanced recovery additions). This can be compared
to the average per year additions to proved reserves for the past 10
years (including Prudhoe Bay, the largest field, by a factor of two,
ever discovered in the United States), which were only 2.8 billion
barrels per year. If the Prudhoe Bay field is not included, the
average rate of additions to proved reserves for the same period is
reduced to 1.9 billion barrels per year. Last year additions were
only 2.21 billion barrels, with domestic drilling at a 20-year high.

For further comparison, proved reserve additions in 1975 were
1.3 billion barrels; in 1976, 1.1 billion barrels; in 1977, 1.4 billion
barrels; and in 1978, 1.3 billion barrels. Thus, it would appear that
the addition of 5.3 billion barrels of oil to proved reserves per year
each year for the next 10 years would be virtually impossible to
achieve. It would require the discovery of the equivalent to two
more Prudhoe Bay fields (18.8 billion barrels) in addition to finding
1.9 billion barrels of oil per year (the average, not including Prud-
hoe Bay, of the past 10 years), plus the conversion of all present
inferred reserves to proved reserves and the enhanced recovery of
a very optimistic 7.2 billion barrels of oil, total, from known fields.
If fact, many recent projections have estimated either level or
declining domestic oil production into the next decade.23

For domestic oil production even to remain level at 2.96 billion
barrels per year, however, additions to proved reserves would have
to average 2.96 billion barrels per year for the period. If the aver-
age proved reserve additions for the past 10 years (excluding Prud-
hoe Bay) of 1.9 billion barrels per year are used, along with a
reserves/production ratio of 9/1, production at the end of 1990
would be only 2.22 billion barrels per year (6.1 million barrels per
day), a decline of about 25 percent from current levels. Enhanced
oil recovery may increase these additions, but enhanced recovery
projects are long term prospects and a very large number would
have to be initiated early in the decade to realize significant pro-
duction by 1990.

To add to proved reserves enough oil just to average 1.9 billion
barrels per year for the 10-year period to 1990 would require an
expanded drilling program and the discovery of a number of major
fields. To better this amount, and have a chance to maintaining a
level domestic production would require that giant fields be discov-
ered and that widespread success with enhanced recovery projects
be realized. Giant fields of the size needed could probably only be
found in such frontier areas as the continental margins and
Alaska, if at all. Drilling success in these areas thus far has not
been encouraging, and it should not be assumed that such giant
fields will be discovered.

2 3 For example, "The World Oil Market in the Years Ahead." Central Intelligence Agency, ER
79-10327U, August 1979, 80 p.
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It is much more likely that sufficient oil will not be found orproduced by enhanced recovery methods to prevent domestic pro-duction from declining throughout..the decade. This does not meanthat exploration drilling should be abandoned as unprofitable, asany oil found will be of obvious benefit. It does mean that, whilethere is still hope of significant discoveries, domestic oil can not beassumed to be available at current quantities in the future.

B. Contribution by 2000 or Beyond
The projection of domestic conventional oil production beyond1990 depends upon the ultimate size of the resource base and therate at which domestic exploitation will take place in the decade ofthe 1980s. If some 75 billion barrels of conventional oil currentlyremain to be discovered, some of this amount will still remain to befound in the years beyond 1990. Enhanced recovery will also play arole. To be significant, however, such projects will have to be on alarge scale and will take many years to complete. However, as thedomestic resource is depleted in explored area, oil will becomeharder and harder to find. The discoveries will tend to be smallerand deeper. An important prospect area, however, will be the largeareas offshore and in Alaska, now precluded from exploration. Iffinally leased, these regions might contain major, or even giant,fields. It is such large fields that could make a significant contribu-tion to production levels, as (if not too remote) they can be exploit-ed quickly, thus making amounts of oil available with relativelyfew wells. Another potential domestic prospect not now economic isin the deeper waters offshore.

Domestic oil production will almost certainly continue to declinebeyond the 1990's, with the only possibility of reversing this declinebeing the very slim chance of many giant field discoveries in veryremote and difficult environments. Enhanced recovery techniqueswill probably also be widely employed, but they can not be expect-ed to reverse the downward trend.



COAL-BASED TECHNOLOGIES

COAL LIQUEFACTION *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology
Coal liquefaction is the process of converting pulverized coal tosynthetic liquid fuels. The conversion of coal into liquid fuel prod-ucts is based on increasing the proportion of hydrogen to carbonfound in coal: by either indirect hydrogenation (sometimes calledsynthesis processing) or direct hydrogenation (sometimes calleddegradation processing).' In the indirect route, coal is degraded orbroken down by a gasification reaction into simple units that aresubsequently reacted together to form refined fuel products. In thedirect hydrogenation route, liquid products are obtained by a lessdrastic treatment in which some of the original coal structures arepreserved.2 First generation (or commercially proven) processes aregenerally based on the indirect liquefaction route; second genera-tion (or advanced) processes are generally based on direct liquefac-tion. Fuels processed from coal are considered to be synthetic fuels.

B. Known Resources and Reserves
Coal resources are estimated at more than 1.7 trillion tons ofwhich about 437 billion tons are considered to be reserves withabout 283 billion tons being recoverable reserves.3 Thus, the poten-tial availability of coal is not a constraint to the emerging coalliquefaction industry.

C. Current Contribution to U.S. Energy Supplies
Only experimental quantities of coal liquids are now produced inthe United States. Thus, the current contribution of coal liquefac-tion to U.S. energy supplies is negligible.

D. State-of-the-Art
The Engineering Societies Commission on Energy, Inc. (ESCOE),has reviewed the status of various first and second generation

liquefaction processes, many of which have received Department ofEnergy (DOE) support, and has appraised the time required to havea demonstration plant designed, built, and ready for start-up of
:Prepared by Paul F. Rothberg, specialist in physical sciences.

Hydrogenation is the chemical combination of hydrogen and another substance.
2 National Coal Board Report. "Liquid Fuels from Coal." (England) August 1978. p. 9.See chapter on conventional coal.
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operations. Indicators of process status and the projected year in
which a demonstration plant could be ready to start operation are
shown in table 2.4

TABLE 2.-STATUS OF SELECTED ACTIVE COAL LIQUEFACTION PROCESSES

Status (key to Demonstration
Process numberw re start year

below)

Dean solid: SRC-I-Solvent refined coal .......................................................... 7 1983
Uquetaction:

Fischer-Tropsch ........................................................... . 9 1983
Methanol................................................................................................................................. 9 1982
SRC-11-Solvent refined coal .......................................................... 7 1983
Cresap (LC-fining) ................................................... 6 1985
M-gasoline .......................................................... 6 1985
EDS-Exxon's donor solvent................................................................................................... 4 1985
H-Coal......................................................................................................................................4 1984
ZnCI ........................................................... 1 1988
Co-Steam ........................................................... I 1988
Synthoil ........................................................... 1 1995

PROCESS STATUS
(roughly linear with time)

0 Proposed Process
I Succesul Process Demonstration Unit Operation
2 Economic Studies Done
3 Competitive Cost Established
4 Pilot Plant Designed
5 Pilot Plant Operatinr
6 Successful Series of Pilot Runs
7 Demo Plant Design Begun
IDemo Plant Operating
9 Proven Demonstration Plant
Source: Rogers, Kenneth A. "Overview of Coal Conversion." ESCOE ECHO, February 1979: 2.

Once a process has been proven at the demonstration stage, it is
ready for commercialization. As can be inferred from table 2, an
adequate technology base exists to establish a commercial liquefac-
tion industry using the Fischer-Tropsch and methanol synthesis
processes.

E. Current Research and Development

The DOE's appropriation for its coal liquefaction program for
fiscal year 1979 was about $217.9 million, its fiscal year 1980 appro-
priation is about $250.3 million, and its fiscal year 1981 budget
request is $523.9 million. The DOE's strategy is to support several
liquefaction processes concurrently from the laboratory scale,
through process development units, to the pilot plant stage, with
only the most promising processes advanced, primarily on a cost-
shared basis, at this last stage. The DOE's program is designed to
reduce technical uncertainties and to obtain information on eco-
nomic and environmental aspects of processes that have been de-
veloped and evaluated through industry and government efforts.5

In addition to participation in the DOE program, the private
sector is spending millions of dollars on the research and develop-
ment of proprietary liquefaction processes. The total sum spent on
these activities is unavailable.

International efforts to advance this technology could also aid
the emerging U.S. coal liquefaction industry. Over the last twenty-

4Rogers, Kenneth A. "Overview of Coal Conversion." ESCOE ECHO. February 1979: 2.
6 For additional information see: U.S. Department of Energy. Fossil Energy Program Sum-

mary Document. Available from NTIS, March 1979, 469 p.
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five years, the South African Coal, Oil & Gas Corporation (SASOL)has operated a liquefaction plant based on the Fischer-Tropsch
process. SASOL and an American engineering company haveagreed to license in the United States the technical advances devel-oped at the SASOL plant.6 A U.S. plant using SASOL's licensed
process would have to be designed to meet U.S. market require-ments, e.g., the high grade or premium lead-free gasoline productoutput could be maximized to meet U.S. market demands. SASOLis now completing work on a second plant (SASOL II) which isexpected to turn about 40,000 tons of coal per day into about 58,000barrels of liquid products.7

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development
Research and development can make long-term contributions tothe state-of-technology of coal liquefaction. Listed below are select-ed technical areas that could be addressed by further research anddevelopment.

1. ENVIRONMENTAL EMISSIONS

The potential hazards due to human exposure to, and emissionsof, chemicals from liquefaction plants could be further studied.DOE has recognized the need for intermediate- and long-term envi-ronmental, health, and safety monitoring of different processes atthe various scales of development and commercialization, empha-sizing data on equipment reliability, the fate of solid waste com-pounds, and the sources and extent of released or fugitive emis-sions. Such studies may disclose a critical environmental problemfor synfuels generally, or for a specific process, that could requirenew control regulations or, in the extreme, could rule against theuse of a specific process. In addition, improvements in the state-of-the-art environmental control guidelines and standards could beestablished to foster improved control technology and engineeringpractices. 8

2. MATERIALS PROBLEMS
The high temperatures and pressure conditions under whichliquefaction reactions are run result in equipment and materialsproblems. Reducing damage to pumps and valves caused by thesesevere reaction conditions presents a major technological challenge.Continued work to improve the reliability and stability of specialmaterials used in coal liquefaction plants could improve liquefac-

tion technology. 9

6"Coal: Closing Cost Gap with Oil." Chemical Week. Sept. 12, 1979: 45."SASOL II Makes Its First Liquid Products from Coal." The Energy Daily. Mar. 13, 1980: 1.U.S. Department of Energy. Synthetic Fuels and the Environment: An Environmental andRegulatory Impacts Analysis. (Review Draft) Jan. 7, 1980. pp. 1-3.
D Based on discussions with researchers at the Morgantown Energy Technology Center, Mor-gantown, W. Va., 1979.

71-990 0 - 81 - 6
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3. CHEMICAL CATALYSIS AND PROCESS DYNAMICS

Improved understanding of the catalytic reactions and process
dynamics of coal liquefaction could lead to new processes with
improved efficiencies.1I

4. PRODUCT TESTING

There is little data on the handling, storage, and combustion
characteristics of coal liquids burned in utility steam boilers or in
gas turbine combustors. Additional information in these areas is
needed-by potential users of synthetic coal-derived liquids.

B. Demonstration

To advance second generation liquefaction technology, DOE and
industry are constructing two large pilot plants and plan to con-
struct two demonstration facilities. The pilot plants will cost over
$200 million each and the demonstration facilities may cost at least
$2.0-$2.2 billion each."I

At least two to five years of enormous scale-up and additional
testing will be required to reduce the technological uncertainties
and to establish the commercial readiness of the advanced sys-
tems.12 Successful operation of these projects is designed to con-
vince industry that advanced liquefaction processes are ready to be
scaled up to the pre-commercial or commercial level.

C. Commercialization

The innovation of coal liquefaction technology will be a slow and
gradual process. Any company seeking to commercialize this tech-
nology would typically proceed through a series of steps, as indicat-
ed below:

Step No. 1. Project feasibility study-one to two years re-
quired;

Step No. 2. Obtain necessary funding for huge capital ex-
penditure required and obtain regulatory permits and appro-
vals necessary to start construction-roughly two to five years
required; and

Step No. 3. Construct a commercial size plant-about five
years required assuming a concerted effort for early comple-

-tion and no interruptions because of legal actions.13
Although steps No. 1 and No. 2 could be combined, there is still a

substantial lead time involved in commercializing a plant.
Commercialization of liquefaction technology is currently imped-

ed by an array of technical, institutional, regulatory, economic, and
environmental constraints (see sec. III. below). Both industry and
Government could possibly learn how to reduce these constraints
by constructing and operating large scale or commercial facilities.

'° For additional information on research and development needs and opportunities see:

Gorbaty, Martin L. et. al. "Coal Science: Basic Research Opportunities." Science, Nov. 30, 1979:
1029-1034.

11 The two pilot projects will test the H-Coal process and the Exxon Donor Solvent process.
The two demonstration facilities will test the SRC I and SRC II processes.

12 For additional information see project timetables in U.S. Department of Energy. Fossil
Energy Program Summary Document. op. cit., pp. 77-105.

l0 ESCOE. "Comparison of Coal Liquefaction Processes." April 1978. Washington, D.C., p. 7.
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Operation of these facilities should provide needed information onair emissions and aqueous discharges and on the effectiveness ofenvironmental control systems designed to protect air, water, andland quality. By commercializing one or more projects, industrycould acquire information on the actual costs and competitivenessof this technology and could gain experience in project financing;Government could learn how to improve its regulation of thisindustry. If these projects prove successful, industry might acceler-ate its commercialization efforts. If unsuccessful, both governmentand industry should learn where further work would be beneficial.
III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY

IMPLEMENTATION

A. Technical
Federal and industry technologists judge that first generationprocesses, such as the Fischer-Tropsch or methanol synthesis proc-esses, are technically ready for the marketplace. Because of theexperience acquired at the SASOL projects, scale-up of first genera-tion processes in the United States is not considered a major tech-nical problem.'4
A major technical constraint associated with advanced liquefac-tion processes is the scale-up problem that was previously discussed(see sec. II. B, above). Successful operation of large pilot plants anddemonstration facilities would substantially reduce the technicalrisks of scale-up.'5

B. Economic
Industry has not yet started to construct the first U.S. commer-cial coal liquefaction plant. Given past conditions and Federal poli-cies affecting synfuels commercialization, the private sector wasreluctant to commit the capital required to commercialize such aproject for a variety of reasons. Possibly the most important ofthese were the economic constraints associated with the productionof oil from coal, including:

(a) Future production costs which may increase substantial-ly;
(b) Uncertainty regarding the future competitive price of oilin international markets;
(c) The huge amount of capital required for each project; and(d) The risks of major project delays, which could also sub-stantially increase project costs.'6

However, with the recent passage of legislation creating theUnited States Synthetic Fuels Corporation and DOE's AlternativeFuels Production Program (see section III. E.), the Federal policiesaffecting synfuels commercialization have significantly changed.The Federal Government now has the authority to offer substantialincentives to reduce the economic constraints facing synfuels com-mercialization. However, no U.S. company to date has allocated the
,.U.S. Department of Energy. Commercialization Strategy Report for Coal Liquefaction.(Draft) 1978. p. 18.

Ibid., p. 5.
' See Cameron Engineer's Report in: U.S. Congress. Senate. Committee on the Budget. Sub-committee on Synthetic Fuels. Synthetic Fuels, 96th Cong., Ist sess. (Washington, GovernmentPrinting Office, 1979).
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huge capital-roughly $3.6 million or more-that would be re-
quired to construct a commercial facility. 17 The private sector has
repeatedly stated that it is unlikely to proceed with the first com-
mercial plant until the Federal Government provides substantial
financial incentives. For example, one consulting group stated:

[P]rivate industry will not be willing or able to shoulder all of the financial
burdens of a synfuels program. Financial institutions are similarly unwilling to
participate in synfuels projects because of the technical, environmental and regula-
tory uncertainties which surround first-of-a-kind ventures. In short, without an
aggressive incentives program to lessen the financial burdens on project sponsors,
there will be no development of a synfuels industry in the foreseeable future.-

The case to the contrary is as follows: when industry can produce
and sell synthetic oil at a clear profit in the market that exists,
investment funds will be forthcoming through normal market
channels. The Federal Government, in providing major economic
incentives to promote commercialization, risks subsidizing costly
projects that may not prove competitive and could lose an undeter-
mined part of the Federal investment.

C. Environmental

Construction and operation of a commercial plant could result in
many adverse environmental impacts. Such a project would require
the mining and processing of huge amounts of coal and the con-
struction of roads, plant facilities, waste disposal areas, and utility
and pipeline corridors. Potential environmental problems include:
adverse health and safety aspects of coal mining; increased use of
scarce water resources (especially in the West); and increased pollu-
tion of land, air, and water resources.

During coal liquefaction, many substances, some of them carcino-
genic or potentially so, could be produced as contaminants. Among
these are beryllium, nickel, carbonyl, phenols, benzene, chromium,
cadmium, polycyclic aromatic hydrocarbons, lead, and zinc chlo-
ride. Other potential pollutants which can cause severe damage to
human health are mercury, nitric acid, nitrous oxide, nitrogen
dioxide, selenium, sulfur dioxide, carbon monoxide, arsenic, and
barium cyanide. 19

Although the number of potential problem pollutants is large
and contains some particularly dangerous materials, it seems possi-
ble that emission control technology exists or can be developed to
reduce potential pollutants to tolerable levels. This is certainly the
case for the more commonly encountered pollutants occurring in
fairly large quantities. The case for trace element contamination is
less clear.20

Many public interest groups have expressed concern over the
possible environmental problems that could be caused by large
scale production of coal liquids. As evidence in numerous congres-
sional hearings, executive agency meetings, and the press, some of
these groups have urged a cautious approach towards commercial-
ization. The collective influence of these groups on both public and

"Cost estimate from: Fluor Engineers. "A Fluor Perspective on Synthetic Liquids, 1979."
"1 Cameron Engineers, Inc., op. cit., p. 185.
9 U.S. Congress. Senate. Committee on Energy and Natural Resources. Synthetic Fuels from

Coal: Status and Outlook of Coal Gasification and Liquefaction. 96th Congress, 1st session,
[Washington, Government Printing Office, 1979], pp. 4-5.

20 Ibid.
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private decisionmakers is one of several factors that has con-strained the growth of the coal liquefaction industry. For example,some decisionmakers have cited conerns over the expected environ-mental impacts of synfuels production as one of the reasons foropposing legislation designed to expedite synfuels commercializa-tion. 2 1
Another constraint faced by this industry is the complex array ofFederal, State, and local laws and standards that regulate commer-cial operations. For example, it has been stated that "the existingbody of laws and regulations . . . is extremely burdensome and hasthe effect of drawing out the time schedule required to bring aproject on line." 22 More than twenty Federal laws can affect syn-fuels plants. Because of associated application procedures and re-quired administrative actions, it will be extremely difficult forindustry to proceed rapidly with its production plans.Similar regulations affect the coal liquefaction and the coal gasi-fication industries. As has happened to the gasification industry,the emerging liquefaction may encounter long delays in obtainingregulatory permits. (See Chapter on High Btu Coal Gasification). Itis uncertain whether commercial plants, incorporating appropriatepollution control technology and industrial hygiene practices, willbe able to meet applicable standards.23

D. Social
The social impacts from commercialization will primarily dependupon (a) the size, number, and location of plants, (b) the existinginfrastructure of affected communities, and (c) the financial re-sources available to support enlarged or new communities. Newschools, roads, hospitals, and recreation facilities would be neededby synfuels construction and plant workers and their families.With careful advance planning and substantial financial resources,many of the social problems associated with commercializationcould be reduced.24

E. Political
The coal liquefaction industry faces many political constraints,including complicated Federal and State regulatory policies andprocedures, the failure of public agencies to specify all environmen-tal standards, and changing Federal policies affecting commercial-ization.
Primarily since the oil embargo of 1973-74, Congress has beenconsidering major Federal economic and regulatory incentives topromote the commercialization of synfuels, including coal liquids.Congress has only recently passed laws offering substantial incen-tives. Uncertainties regarding the future of "Federal SynfuelsPolicy" have created some uncertainties for industry. For example,if a company wanted to participate in a commercial project, it had

21 See congressional hearings and floor debate/discussions re: President Nixon's ProjectIndependence Plans or President's Synfuels Commercialization Program.22 Cameron Engineers, Inc., op. cit., p. 184.
23 The Energy Mobilization Board could possibly expedite the regulatory process affecting thecommercialization of synfuels plants.
24 For additional information see: U.S. Congress. Senate Subcommittee on Regional andCommunity Development Committee on Environment and Public Works. Inland Energy Devel-opment Impact Assistance Act of 1977. 95th Congress, 1st session. (Washington, GovernmentPrinting Office, 1977.)
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to make major financial decisions without knowing (a) the role that
the Federal Government would have in coal liquids production, (b)
whether major Federal economic incentives would be provided to
encourage commercialization, and (c) all the environmental stand-
ards and regulatory procedures that would influence commercial
operations. Consequently, industry did not know the "ground
rules" that would influence the feasibility of commercial liquefac-
tion plants.

However, the 96th Congress devoted much attention to legisla-
tion that will affect synfuels commercialization and that could help
clarify the Federal role in the area. Two new initiatives that re-
ceived considerable attention were proposals to create the United
States Synthetic Fuels Corporation (SFC) and the Energy Mobiliza-
tion Board (EMB). The SFC is directed to provide major economic
incentives for commercialization, and the EMB might have expedit-
ed regulatory decisions affecting commercialization. Thus these
agencies might have significantly influenced the feasibility of com-
mercial coal liquefaction plants by reducing some of the uncertain-
ties previously discussed. However, the EMB proposal was not en-
acted into law.

F. Legal

Some of the Federal environmental standards that will regulate
a coal liquids industry have not yet been promulgated. These regu-
lations may be challenged in court and other legal problems, such
as environmental lawsuits, could delay commercialization. 25

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990

As previously indicated, construction of the first commercial
plant has not yet begun; neither has any company allocated the
huge capital required to complete construction. Some companies,
however, have announced either their interest or their plans to
invest in commercial plants designed to produce liquid fuels or
chemicals from coal.

The current and anticipated level of industrial activity indicates
than an average daily commercial production level of 100,000 to
200,000 barrels of oil equivalent could be reached by 1990. Howev-
er, to reach this level the Federal Government would have to
provide substantial Federal economic incentives and would have to
ensure that regulatory policies and practices allow commercializa-
tion to proceed.26 Much of this production could be obtained from
about three to five plants using proven, first generation technology.
If work proceeds satisfactorily on large scale pilot plants or demon-
stration facilities between now and 1982-86 and decisions are made
to scale up to commercial plants, advanced or second generation
plants could also contribute to this production level.

25U.S. Congress. Senate. Committee on Energy and Natural Resources. op. cit., p. 110.
2 Similar range of estimates has been prepared by Cameron Engineers, Inc., see: Cameron

Engineers, Inc. op. cit., p. 155.
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B. Contribution by 2000 or Beyond
Projections on the contribution of coal liquids to U.S. energysupply beyond 1990 are highly speculative. If coal liquefactionproves to be environmentally acceptable and economically feasible,and if the Federal Government promotes production activities, itseems possible that a production level of roughly 0.5-1.2 millionbarrels per day by 2000 could be reached.2 7 The upper range mightbe reached with major Federal support; whereas, the lower rangemight be reached if the environmental, regulatory, and economicfactors discussed previously continue to constrain production.

2 7Estimates of the upper range can be found in: Committee on Nuclear and AlternativeEnergy Systems, U.S. Energy supply Prospects to 2010. (Washington, National Academy ofSciences, 1979), p. 86.



HIGH-BTU COAL GASIFICATION *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology

Coal gasification is a chemical technology in which pulverized
coal is converted into combustible gas which may be of low-,
medium-, or high-Btu (heat) content per cubic foot.' In its simplest
form, the gasification of coal requires, first, the heating of the coal,
and second, the reaction of its carbon and hydrogen content with
steam to produce carbon monoxide, carbon dioxide, hydrogen, and
methane. In general, gasification reactions are based on thermal
decomposition of coal (i.e., the application of heat to break down
the structure), followed by gasification or combustion of the result-
ing char. The reaction vessel may be pressurized or operated at
atmospheric conditions.

This chapter deals only with high-Btu processes, which are de-
signed to maximize the production of methane, the major compo-
nent of natural gas.

B. Summary of Known Resources and Reserves

See chapter on Coal Liquefaction, section I.B.

C. Current Contribution to U.S. Energy Supplies

Industry and Federal researchers are currently producing only
experimental quantities of high-Btu coal gas in laboratory and in
pilot plant studies. Thus, the current contribution of this fuel to
U.S. energy supplies is negligible.

D. State-of-the-Art

The status of various first and second generation gasification
processes, most of which have received support from the Depart-
ment of Energy (DOE), have been appraised as to the time required
to have a demonstration plant designed, built, and ready for initial
operations. Indicators of process status and the projected year in
which a demonstration plant could be ready to start operation are
shown in table 3 2

As table 3 indicates, the Lurgi/methanation process, which is
considered a first generation process, has proven successful at the
demonstration phase. Federal and industry technologists judge this
process ready for use in a commercial facility. All of the other

'Prepared by Paul F. Rothberg, specialist in physical sciences.
'Btu-British thermal unit-is a quantity of heat, the amount of heat required to raise the

temperature of one pound of water 1 degree Fahrenheit. Gases processed from coal can be
characterized by their heat content measured in Btus per cubic foot of gas.

Rogers, Kenneth A. Overview of Coal Conversion. Engineering Societies Commission on
Energy, Inc. ESCOE ECHO. Feb. 26, 1979: 2.
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processes listed in table 3 are advanced processes and are less welldeveloped, and thus pose greater technical risks for investors.3
TABLE 3.-STATUS OF SELECTED ACTIVE COAL CONVERSION PROJECTS

Process stats Year ofProcess (key to numbers demonstration
are below) plant

Gasification, pipeline quality gas:
Lurgi/methanation ..................................................... 9 1983Conco (slagging Lurgi) ..................................................... 7 1983Cogas ...................................................................................................................................... 

. . . ....................... 7 1983Hygas ...................................................................................................................................... 

. . . .... . . . . . . . ............6 1 986B igas ...................................................................................................................................... 
5 ..........................................5Gasification, industrial sector:

Texaco gasifier ........................................................................................................................ 
. .. ....................... 5 1984Exxon catalytic gasification .................................................................................................... . . . . ....................... 3 1987Rockgas ............................................................................................................................... 

.. . . . . ...................... 2 1988Combined cycle: To provide electricity
Westinghouse ......................................................................................................................... 

. . . . ....................... 4 1986Combustion enginee.ng ..................................................... 4 1986
PROCESS STATUS

(roughl linear vwith time)
0 =moe Process
I Sce Process Demonstration Uni Operation2 Economic Sfudies Done
3 Compebitive Cosl Established
4 PiloW Plant i esigned
5 Pilot P iant Opera in g
6 Successful Series oSPilot Runs
7 Demo Plant Design Begun
I Demo Planr Operasng
9 Proven Demonstration Plan u
Source: Rogers, Kenneth A. "Overview of Coal Conversion". Engineening Societies Commission on Energy, Inc. ESCOE ECHO. Feb. 26, 1979: 2.

E. Current Research and Development
The DOE's coal gasification program is intended to advancesecond and third generation systems for processing a variety ofgaseous products from coal. This program is divided into two majorefforts: surface and in situ (underground) processing. The DOE'sappropriation for its surface program for fiscal year 1979 was about$112.4 million and the fiscal year 1980 appropriation was about$115.9 million. The DOE's appropriation for its in situ program forfiscal year 1979 was $15 million and the fiscal year 1980 appropri-ation was $10 million.s Approximately $67 million of the fiscalyear 1979 funds and $85 million of the fiscal year 1980 funds willbe used to advance high-Btu gas technology.5

Working jointly with industry, DOE and its predecessors haveadvanced several new high-Btu gasification processes from the re-search laboratory or bench scale level to the pilot plant stage. Thenext step in the Department's program is to test several processesat the demonstration scale (see II.B below).

I For additional information see: German, Michael I. "The Role of High-Btu Coal GasificationTechnology", presented at the Coal Conference and Expo V, Louisville, Ky., Oct. 25, 1979: 4.(Inquiries regarding this article should be addressed to the American Gas Association, Arling-ton, Va.)
4These funding levels include monies used to support all types of gasification processes.Research and development on low- and medium-Btu gasification could yield information usefulin advancing high-Btu gasification processes. All estimates are from DOE.5 Alm, Alvin. Letter to J. Bennett Johnston in Johnston. J. Bennett. "The Costs of Energy,"Congressional Record. May 23, 1979: S6566-6568.
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Besides working jointly with the Federal Government, the pri-
vate sector is supporting research and development on proprietary
processes, but the total amount spent on these activities is unavail-
able. Industry has spent several hundred million dollars to plan
commercial high-Btu coal gasification projects. 6

Research activities conducted abroad could also aid the develop-
ing U.S. gasification industry. For example, the Environmental
Protection Agency, through a joint program with the Yugoslav
Government, is monitoring emissions and effluents on several coal
gasifiers that use a reactor system-known as a "fixed-bed" system
which is currently operating in Prestina, Yugoslavia.7 Information
obtained from this program could be useful in planning health,
safety, and environmental controls for U.S. plants.

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development

Federal officials who worked on the Market Oriented Program
Planning Study identified several major technical barriers inhibit-
ing the commercialization of high-Btu coal gasification. These bar-
riers, apply to the majority of processes within this generic technol-
ogy, both first and second generation processes, and define areas
where research and development could be focused, such as:

(a) Introduction of coal feed or input solids and removal of
solid residues from highly-pressurized gasification reactor ves-
sels;

(b) Sulfur poisioning (or degradation) of nickel-based methan-
ation catalysts and other problems associated with the methan-
ation process;

(c) Development of high-volume, high-pressure oxygen com-
pressors;

(d) Materials corrosion/erosion in gasification system compo-
nents, promoted by process conditions;

(e) Development of appropriate treatment and disposal tech-
nologies to minimize leaching and subsequent contamination of
ground and surface waters by gasifier solid residues and water
treatment sludges; and

(J) Process designs that would accommodate a range of coal
feedstock characteristics (e.g., ash content, caking properties,
grindability) in order to increase the amount of usable re-
source.8

Continued research and development on coal gasification process-
es could result in important advances in the current state of tech-
nology. However, in terms of starting a U.S. coal gasification indus-
try, demonstration and commercial projects are now more impor-
tant than is additional research and development. (See I.C below)

6 Unpublished testimony of George Lawrence, American Gas Association, before Subcommit-

tee Energy Development and Applications of the House Committee on Science and Technology,

Mar. 4,1979, p. 6.
7

Dickenson, Ronald L. and Dale R. Simbeck. "SNG Plant-Byproducts Need Attention". Oil

and Gas Journal. Mar. 12, 1979: 67.
5
U.S. Department of Energy. Market Oriented Program Planning Study (MOPPS), v. 5. Part

111. December 1977. p. 111-5.
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B. Demonstration
Industry and DOE are working jointly on the initial phases ofthree demonstration projects designed to advance second genera-tion processes. If these demonstration plants prove successful, alarge scale industry using these advanced processes could be devel-oped during the 1990s.9

C. Commercialization
Commercialization of coal gasification technology is impeded byan array of technical, institutional, regulatory, economic, and envi-ronmental constraints and uncertainties.10 By constructing andoperating commercial projects, industry and Government couldlearn to reduce or handle the impediments to commercialization. Ifa project were commercialized, industry could obtain informationon the real costs and the competitiveness of this energy option, onair emissions and aqueous discharges, and on the effectiveness andcosts of environmental control systems. Government could gainneeded experience in regulating this industry. Successful commer-cialization would establish the economic feasibility of this technol-ogy and might convince industry to accelerate its commercializa-tion efforts. An unsuccessful effort should indicate if and wherefurther work would be beneficial.

Information on the financial requirements for commercializationis provided in III. B. below.

III. POTENTIAL OBSTACLES To R. & D. OR TECHNOLOGY
IMPLEMENTATION

A. Technical
Although the technical components of first generation systemsare proven and available commercially, some technical risks arestill associated with construction and operation of large scaleplants. The integration of all components into a working, commer-cial project, i.e., one producing 75 to 275 million cubic feet per day,has not yet been accomplished. However, industry and governmenttechnologists generally agree that integration of the various compo-nents and scale-up of first generation processes in a commercialfacility is a manageable technical problem. "'Second generation (or advanced) processes pose much greatertechnical problems than first generation processes because the ad-vanced processes have thus far been tested only in pilot plants.Before they can be commercialized, second generation processesneed to be scaled up in demonstration plants. According to DOEprojections, at least five years would be required to complete con-struction and initial operation of these demonstration facilities.12At the demonstration scale, technologists seek to optimize process

9 For additional information see: U.S. Congress. Senate. Synthetic Fuels from Coal: Status andOutlook of Coal Gasification and Liquefaction. 96th Cong., 1st sess., June 1979.
" 'iFor example see: U.S. Department of Energy. Commercialization Task Force for High-BtuGasification (Draft). 1978, p. 1.
12 U.S. Department of Energy. Fossil Energy Program Summary Document. March 1979, p.134.
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dynamics at high coal input levels, thus possibly improving the
overall economics and efficiency of advanced processes.

B. Economic 13

Three major economic constraints associated with the commer-
cialization of high-Btu coal gasification technology include:

(a) the expected price of the product relative to conventional
gas,

(b) the difficulty of obtaining economic regulatory decisions
from the Federal Government that are acceptable to project
participants and to institutions that are willing to finance
proposed projects, and

(c) the huge front-end capital required to construct a com-
mercial plant.

1. EXPECTED PRICE OF THE GAS

Without Federal incentives, the short-term economic outlook for
high-Btu coal gas plants appears to be quite unfavorable. Economic
analyses performed both by the Federal Government and by indus-
try indicate that the expected selling price of high-Btu coal gas will
exceed that of conventional gas at least during the initial period of
plant operations. For example, one industry group has estimated
that the 1983 price of coal gas would be $6.25 to $8.25 per million
Btu. 14

However, economic feasibility should not be judged solely on the
basis of comparing the costs per million Btu of coal gas versus the
costs per million Btu of conventional gas. Consideration should also
be given to the cost that the end users will have to pay for other
ways to heat their homes. Several studies have indicated that for
residential users it would be much less expensive on a cost per
million Btu basis to heat a home using synthetic gas from coal
than using conventional electrical heat generated from coal.' 5 In
addition, high Btu coal gas seems relatively competitive with im-
ported oil, which is currently selling for roughly $6 to $7 per
million Btu.

2. ECONOMIC REGULATORY DECISIONS

Because of the anticipated high price of coal gas, industry seeks
Federal economic regulatory decisions that allow the gas to be sold
on a "rolled-in" basis to consumers. This financial mechanism
allows industry to "average in" the price of high-Btu gas with that
of conventional gas to all consumers receiving gas from a specific
company. Industry has had much difficulty in obtaining such regu-
latory decisions from the Federal Government.16

"The Synthetic Fuels Corporation (discussed later in this chapter), is authorized to provide a

range of incentives to reduce the economic constraints discussed in this section.

1 Estimate made in: "America's First Coal Gas Plant Is Ready To Go" The Energy Daily.

Sept. 15, 1978. Conventional interstate gas now sells for roughly $1.50-$f.75 per million Btu.

Even if the price of natural gas doubled over the next 3 years, it would still be less expensive

than SNG.
'5 For example see: American Gas Association. A Comparison of Coal Use for Gasification

Versus Electrification. Energy Analysis. Apr. 26, 1977.
16 For example: The American Natural Resources Co., a participant in the Great Plains

Project, has been attempting for over 7 years to obtain the financing commitments and regula-

tory approvals necessary to construct a commercial plant.
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3. HUGE FRONT-END COSTS

Approximately $1.5 billion would be required to construct a com-mercial plant producing 125 million cubic feet of gas per day.17The capital requirements to construct a plant of this size are largerelative to the net worth of many of the companies seeking tocommercialize this technology. Because of the large financial com-mitments (both debt and equity requirements) associated with acommercial facility, the financial community reportedly remains"unwilling to provide necessary funds without assurance of repay-ment for the first several full-scale plants." 18

C. Environmental
Construction and operation of a commercial plant producing 125million cubic feet per day could result in many adverse environ-mental impacts. Such a project would require the mining of hugeamounts of coal (i.e., 25 million pounds per day) and the construc-tion of roads, plant facilities, waste disposal areas, and utility andpipeline corridors. Potential environmental problems include: theadverse health and safety aspects of coal mining, the use of scarcewater resources (especially in the West), and the release of pollut-ing materials (such as toxic solids) to the environment. However,technology, such as waste water treatment, is available to reducesome of those pollutants.
Many public interest groups have expressed concern over thepossible environmental problems that could be caused by largescale production of high-Btu coal gas. Before congressional hear-ings, in the press, and before Federal environmental and economicregulatory bodies, some groups have urged a cautious approachtowards commercialization. The collective pressure of these groupson both public and private decisionmaking is one of many factorsthat has affected the commercialization of the coal gasificationindustry.
Another constraint faced by the emerging high-Btu coal gas in-dustry is the complex array of Federal, State, and local laws andstandards that will regulate commercial operations. This regula-tory system, including the permitting process, environmentalstandards, and certification proceedings, will make it extremelydifficult for industry to proceed rapidly with any plans developed.Companies have already encountered long delays in obtaining per-mits and final certificates required to operate commercial facili-ties.19 It is still uncertain whether commercial plants, incorporat-ing appropriate pollution control technology and industrial hygienepractices, will be able to meet all future Federal and State stand-ards.2 0

" Based on data from the American Natural Resources Co., the uncertainty associated withthis estimate should be emphasized. Large construction projects, such as a coal gasificationplant, have typically experienced large cost overruns.'8 American Gas Association. Fact Book: Synthetic Pipeline Gas from Coal. Arlington, Va.,1979, p. tab C., 1.
19 For example, consider the American Natural Resources project (previously cited) which hasbeen delayed because of problems encountered in obtaining a "non-appealable," final regulatorydecision from the Federal Energy Regulatory Commission (FERC).
20 The Energy Mobilization Board, if enacted into law, could possibly expedite the regulatoryprocess now affecting the commercialization of high-Btu coal gasification plants.
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D. Social

See: Coal Liquefaction, III. D. 21

E. Political

See: Coal Liquefaction, III. E.22

F. Legal

See Coal Liquefaction, III. F.23

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990

Construction of the first high-Btu coal gasification plant in the
United States has not yet started. Before construction can com-
mence, a project must receive an economic regulatory decision
from the FERC. Although one project has recently received such a
ruling, several groups (opposed to FERC's ruling) have successfully
appealed the decision before the Federal courts. The start of con-
struction of this project, which might prove to be the Nation's first
commercial plant, was threatened with a delay of up to one year
while the courts reached a decision on this appeal.24 However, the
DOE decided to provide the project with a $1.5 billion loan guaran-
tee, which is conditional upon receiving certain Federal approvals.

At least six months to one year will probably be required to
"shakedown" the plant, i.e., to reduce or remove technical prob-
lems. A production rate of 137 million cubic feet of high-Btu coal
gas per day, which is roughly equivalent to 22,000 barrels of oil per
day, could be reached after the shakedown period. If initial oper-
ations were successful, this plant could be enlarged to a production
level of roughly 250 million cubic feet per day by 1990.25

Several other companies have announced plans to commercialize
high-Btu coal gasification plants. Participants of these projects are
beginning to: (1) apply for Federal and State certificates to con-
struct and operate commercial plants, (2) apply for DOE funds to
conduct project feasibility studies or to enter into cooperative ar-
rangements with DOE, or (3) prepare to apply for financial incen-
tives to be offered by the United States Synthetic Fuels Corpora-
tion (SFC).

If the first project were commercialized by 1984 or 1985 and if
the Federal Government provides substantial economic or regula-
tory incentives for several additional projects, it is possible that
average commercial production levels by 1990 may reach .5 to 1
billion cubic feet of high-Btu coal gas per day, which is equivalent
to 88,000 to 176,000 barrels of oil per day. This projection takes into
account the current and anticipated plans of industry (as discussed
above), the long lead times (4-5 years) involved in constructing a

2'The social, political, and legal constraints associated with high-Btu coal gasification are

similar to those associated with coal liquefaction.
22 Ibid.
23 Ibid.
24 Based in part on discussions with officials of the American Gas Association and the

American Natural Resources Co., 1980.
25 Ibid.
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full scale gasification plant, and the numerous environmental andregulatory uncertainties facing this industry. The higher level ofproduction could be reached if four projects, each producing about250 million cubic feet per day were commercialized.2 6 27

B. Contribution by 1990 or Beyond
Given the current state of industrial development, estimates ofhigh-Btu gas production from coal beyond 1990 are highly specula-tive. The level of production beyond 1990 may depend upon anarray of factors, including: (a) the availability and price of naturalgas, (b) the success of the first few commercial projects using firstgeneration processes and demonstration projects testing advancedprocesses; and (c) Federal policies affecting the commercializationof this technology.
Some forecasters predict that high-Btu coal gasification couldprovide 1.8 trillion cubic feet per year (or roughly 900,000 barrels ofoil equivalent per day) by 1995, and 3.3 trillion cubic feet per year(or roughly 1.65 million barrels of oil equivalent per day) by 2000.28Although these projections may prove correct, these estimates nowappear to be overly optimistic in view of the financial resources ofthe natural gas industry, the amount of dollars available throughFederal incentives that will be available for this technology, thelong lead times and major uncertainties associated with commer-cialization, and the current state of industrial development. Toreach the level of production projected for 2000, industry wouldhave to build 37 coal gas plants over the next twenty years. Evenofficials of the gas industry realize the difficulty of accomplishingthis enormous task. For example, one official stated: "between nowand the end of the century, about 30 commercial scale facilitiescould be constructed and operating." 29 30

26 Similar estimates have been developed by Cameron Engineers of Denver, Colorado. Forexample, see: U.S. Congress. Senate. Committee on the Budget. Subcommittee on SyntheticFuels. Synthetic Fuels. 96th Congress, 1st session, 1979: 155.
27Additional gas production could be obtained from DOE-industry synfuels demonstrationprojects or from coal liquids projects producing gas as a byproduct; however, the amount of thisgas cannot yet be quantified.
28 Amercian Gas Association, Fact Book: Synthetic Pipeline Gas from Coal, op. cit., p. 5."I Statement of William McCormick, Jr. as quoted in "U.S. Synfuel Plans May Speed CoalGasification." Oil & Gas Journal, Oct. 1, 1979: 29.
30 Each plant would have to produce 250 million cubic feet per day.



MAGNETOHYDRODYNAMIC POWER GENERATION *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology

Magnetohydrodynamic power generation, or magnetohydrody-
namics (MHD), is a method of converting heat into electrical
power. In principle, any high temperature heat source could be
applied to an MHD generator. However, the U.S. MHD program is
aimed at utilizing MHD in conjunction with coal-fired combusters.

Electricity is generated when an electrical conductor is moved
through a magnetic field. In a conventional generator, this is ac-
complished by having expanding steam cause a metallic conductor
attached to a turbine shaft to rotate. In a coal-fired MHD gener-
ator the conductor is composed of the hot gaseous products of coal
combustion, which have been made electrically conducting by the
addition of a material (potassium or cesium) called a seed. These
gases are exhausted through a chamber, roughly the size of a bus,
called the channel, which is surrounded by a large magnet. The
flow of electricity which is thereby generated in the gases is collect-
ed by electrodes located in the walls of the channel.

The MHD process of direct generation of electricity, without first
boiling water to run a steam generator, may allow as much as 50
percent more electricity to be generated from a ton of coal than
conventional methods.

When the combustion gases leave the MHD generator they still
contain a large amount of heat which must be recovered for eco-
nomic operation. Some of this heat can be used to boil water to run
a conventional steam turbine generator. As currently envisaged, a
commercial MHD plant will consist of an MHD "topping cycle"
and a steam turbine "bottoming cycle." About half of the electrical
output will be generated in each.

For economic operation, it is also necessary to recover the seed
material before the exhaust gases are vented to the atmosphere.
Sulfur readily combines chemically with the seed material, and
hence the seed recovery operation is also an efficient means of
removing the sulfur pollutants normally released by coal combus-
tion.

The process described above is called open-cycle MHD power
generation. A closed-cycle process has also been studied, in which
the fluid which operates within the generator is in a closed loop.
Heat from the coal combustion must be transferred to the fluid via
a heat exchanger. This method is not as promising as open-cycle
MHD for baseload power generation, and it presents some difficult
technical problems which may not have solutions. However, some
resources continue to be devoted to closed-cycle generation because

Prepared by Robert Civiak, analyst in energy technology.

(90)
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it may eventually prove advantageous for use with heat sources
other than coal and for the supply of peaking power. Unless other-
wise noted the discussion below refers to open-cycle MHD.

B. Known Resources and Reserves
Although the MHD process is applicable to other types of fuel,

research in the United States centers on coal. The United States
has extensive coal resources, which are discussed elsewhere (see
Conventional Coal, I.B). The MHD process could generate as much
as 50 percent more electricity per ton of coal consumed than con-
ventional generation methods. This would considerably extend the
availability of coal resources.

Approximately one per cent of the seed material used in the
MHD process will not be recovered. Hence, supplies of this materi-
al must be considered. The best seed material from a performance
standpoint is cesium. However, world cesium resources are not
sufficient to support a large number of MHD plants. A more likely
seed material is potassium. With projected seed recovery rates, iften percent of the current U.S. electricity generation was by MHD,
approximately 60 thousand tons of potassium salts would be con-
sumed annually. This is only 2.5 percent of current U.S. production
and an insignificant fraction of world reserves of potassium salts,
which are principally located in Canada.

C. Current Contribution to US. Energy Supplies
MHD is not currently contributing to U.S. energy supplies.

D. State-of-the-Art

No fundamental scientific barriers to MHD power generation are
known to exist: However, the technology is far from commercial
development in the United States. Much engineering development
is yet necessary. Individual components, (e.g., combustors, chan-
nels, magnets, and heat exchangers) have been built and tested at
generally much smaller scales than would be necessary for a com-
mercial plant and under simulated rather than actual power gen-
eration conditions. No complete integration of the components nec-
essary for a commercial MHD plant has taken place on any scale.

Nevertheless, great progress has been made in the design of
individual components. For example, the operating lifetime of
MHD channels has been increased from several minutes to one
thousand hours, which is within a factor of two of the minimum
lifetime that will be needed in a commercial plant.

While many details need to be worked out, systems design stud-
ies have been performed which establish the basic operating re-quirements of the major components.

Close-cycle MHD research is not as advanced as open-cycle. Tech-
nical feasibility has yet to be proven for the closed-cycle process.

E. Current Research and Development
Currently, nearly all of the research on MHD in the United

States is performed under contract to the Department of Energy
(DOE), which spent $80 million for this purpose in fiscal year 1979

71-990 0 - 81 - 7
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and has requested $71 million for fiscal year 1981. The DOE base-
line development plan for commercialization of MHD is to proceed
in three overlapping phases. The purpose of the first phase is
development and testing of MHD core components at up to 50
megawatts thermal (Mwt).' These components will be scaled up in
the second phase, which will be a complete pilot-scale plant of
250Mwt, called the Engineering Test Facility (ETF). This facility,
which will feed its power production into a utility grid, is mandat-
ed by Public Law 93-404 to be built in the State of Montana.
Operation of the ETF should lead to a full-scale commercial demon-
stration plant, generating approximately 1,000Mw of electricity.
According to the baseline plan, this plant is scheduled to begin
operation in 1997.

The key facility of the first phase of MHD development is the
5OMwt Component Development and Integration Facility (CDIF),
located in Butte, Montana, which is scheduled to begin operation in
1980. Another major facility for the integration and testing of
components at up to the 2OMwt level is the Coal-Fired-Flow Facili-
ty in Tennessee. Test programs have been underway there at less
than 2OMwt for several years and have recently been upgraded to
the higher power level. At least twenty other primary contractors,
including private firms and government laboratories, are involved
in MHD development.

Upon submission of the fiscal year 1981 budget request, DOE
proposed an accelerated development program for MHD. This new
plan calls for doubling the capacity of the CDIF to 100Mwt in 1982
and also doubling the size of the ETF to 500Mwt. According to this
plan, the ETF would be the final step required before private
industry could move forward with commercial MHD plants in the
early 1990s. According to DOE, the new plan, while adding about
$120 million to development costs during the 1980's, could ultimate-
ly save $1 billion by eliminating the need for a Federally funded
commercial demonstration plant. However, a report by the General
Accounting Office (GAO)2 notes that the faster development sched-
ule increases the risk of failure and "it is not clear that utilities
will be willing to build commercial MHD systems based on the
results of a 500-Mw pilot plant."

Additional alternatives to the baseline plan for the ETF are
being considered by DOE. One such plan involves adding an MHD
topping cycle onto an existing small fossil power plant. This would
not necessarily advance the schedule for development of MHD, but
could reduce the cost to the Government. It would also bring utility
participation into MHD development at an early stage, which
might prove useful in the commercialization phase in the late
1990s. Increased utility participation in MHD development has
been endorsed by the GAO.3

In addition, consideration is being given by private interests to
retrofitting a coal combuster and a 50-75Mw MHD generator to an

IThe abbreviation Mwt will be used for megawatts of heat and Mw will refer to megawatts of
electricity throughout this chapter.

2 Magnetohydrodynamics: A Promising Technology for Efficiently Generating Electricity from
Coal; Report to the Congress by the Comptroller General of the United States. Washington, U.S.
General Accounting Office. February 1980, 50 p. EMD-80-14.

3 Ibid.
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existing 125Mw oil-fired power plant.4 At the current state ofdevelopment of MHD, it is not expected that this would be cost
competitive with 75Mw of new generating capacity, but other con-siderations such as economic incentives to switch from oil to coal
might make it attractive to the utility.

The United States cooperates with other countries, including
Japan, Poland, and the Soviet Union, which have MHD develop-
ment programs. The most advanced foreign program is that of the
Soviet Union. The Soviets plan to develop MHD technology usingnatural gas and light oils as fuels before tackling the more difficult
problem of coal burning. The Soviet 20Mw U-25 facility is the
largest MHD facility in the world capable of continuous operation.
Construction of a pilot plant of 500Mw is scheduled to begin in theSoviet Union in 1980.

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development
The technical feasibility of MHD power generation has beendemonstrated by experiments performed thus far. The major focus

of the Phase I research and development effort is the accumulation
of the engineering data and experience needed to design the Engi-
neering Test Facility. The DOE baseline plan estimates that PhaseI will cost about $600 million for research and development
through 1984. At that time, enough information should have been
accumulated to begin the design of the ETF.

The CDIF is the only facility planned to test components at the50Mw level. Efforts to obtain funding for large scale testing facili-ties at the site of component manufacturers or at the Coal-Fired-
Flow Facility have been unsuccessful.

The letting of simultaneous development contracts for compo-
nents, with the ultimate selection of the best design, could speed
MHD development. Currently three manufacturers are building
combustors at the 20Mw level and one will be chosen to build the50Mw combustor for the CDIF. This parallel development is notbeing applied to other components.

Estimates of the time that could be saved by building additional
test facilities or adopting parallel development efforts are not avail-able.

B. Demonstration

The key to the demonstration phase of MHD development will bethe ETF. There is currently some disagreement over what needs to
be demonstrated by this facility. The cautious approach, put forthby DOE's MHD Program Office in their Program Plan for Open-
Cycle Magnetohydrodynamics, is to demonstrate commercial feasi-
bility by the operation of the ETF. However the draft final report
of the DOE MHD Review Board states that, "In attempting tosupport a commercial feasibility demonstration, choices among
technologies and components may be overly deferred and the main-tenance of multiple options in some cases may cause competition
for scarce financial, manpower and facility testing time and

4 Roldiva, Inc. of Pittsburgh in cooperation with Southern California Edison Co.
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space. "5The Board concludes that the current schedule, which
calls for detailed design of the ETF to begin in 1984 and construc-
tion in 1986, could slip as much as two years if the current Pro-
gram Plan is followed. In addition, this approach would require
several years of operation of the ETF before a decision could be
made to begin the commercialization phase of MHD development.

A popular position among MHD contractors is that the ETF need
only provide additional engineering data and some economic infor-
mation to lead to the commercialization phase. With this goal, it
would be possible to move up the schedule for the ETF by making
decisions on EFT design options sooner, while continuing research
at lower power levels to optimize the performance of MHD plants.

This approach would require increased funding levels for MHD
to begin early design of the ETF. While it could lead to early
commercialization of MHD, there is an element of risk in this
approach. It could require a large commitment of funds before
MHD has proven to be more efficient and less costly than other
alternative technologies. It could also result in the premature rejec-
tion of MHD, if the economic information provided by the ETF is
unfavorable, or requires that another pilot-scale plant be built to
incorporate engineering improvements before the commercializa-
tion phase can begin.

The current DOE estimate of the cost of the ETF is $400 million
and of the entire Phase II development phase is $1 billion. Oper-
ation of the ETF is scheduled to begin in 1990.

C. Commercialization

Commercialization of MHD is too far in the future to be able to
present the requirements necessary to achieve it with any certain-
ty. The current DOE plan is for a commercial demonstration plant
to begin operation in 1997. Significant commercialization of MHD
would follow that by at least ten years. If a scaled up 500Mw ETF
completed in the early 1990s is the final demonstration plant re-
quired, commercialization could begin as early as the year 2000.

Utility companies are currently only marginally involved in
MHD development programs. If commercialization efforts are to be
successful, utility company input will have to be obtained well
before the design of the commercial demonstration plant begins.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

A. Technical

Much progress has been made in MHD during the past five
years, and there are no scientific problems which will require a
breakthrough in current understanding to solve. However, many
complex engineering problems remains

I U.S. Department of Energy. R. & D. Coordination Council. MHD Review Board. Draft Final
Report. June 15, 1979, p. 4.

'U.S. Department of Energy. Division of Magnetohydrodynamics. Draft Program Plan for
Open Cycle Magnetohydrodynamics. March 1979. 1 volume in various pagings.



95

1. POWER EXTRACTION AND SCALING PROBLEMS

The physics of MHD indicates that generator efficiency should
increase with the size of the generator. This has proven correct
thus far. However, the largest generator operated has achieved
only a 15 percent conversion of thermal to electrical energy, while
efficiencies of at least 20 percent are needed for commercial oper-
ation. Unforeseen problems may develop at the higher power ex-
traction levels of larger machines.

2. PLANT DURABILITY AND RELIABILITY

MHD generators operate under extremely corrosive conditions. Itis believed that in commercial operation a generator will have to
be able to operate for at least 2000 hours. Current generators can
be expected to provide about 1000 hours of service. The remainder
of the plant must meet much stricter reliability criteria. Present
experimental facilities cannot demonstrate the reliability that will
be needed for power production in a utility setting.

3. SYSTEM INTEGRATION FOR HIGH EFFICIENCY

Thus far components have largely been developed separately. For
economical operation it is necessary that components be integrated
in a manner which allows for the retention of as much useful heat
energy as possible. Several problems remain in doing this.

One example of an unsolved problem is how to use the heat
downstream from the generator to preheat air being fed to the
combustor in order to maintain the high combustion temperatures
needed. However, first generation MHD plants could eliminate this
problem by increasing the percentage of oxygen in the air. Another
unsolved problem relating to system integration concerns the re-
tention of the unburned coal residues, called slag, in the combus-
tor. If the slag is retained in the combuster, overall thermal effi-
ciency goes down. However, if it is allowed to travel downstream it
complicates generator design and makes seed recovery difficult.

B. Economic

MHD is too far from commercial development for reliable cost
projections. However, in 1976, the Energy Conversion Alternatives
Study (ECAS) 7 found MHD to have the potential to produce elec-
tricity for the lowest cost when compared to fluidized bed coal
combustion, combined cycle gas turbines, coal gasification, fuel
cells and several other fossil fuel based technologies. However,
ECAS also determined that all these other technologies were closer
to development than MHD. For this reason the study concluded
that MHD had a poorer probability of development than some
other new coal technologies. Later studies have supported these
findings.8

'Energy Conversion Alternatives Study (ECAS) Summary Report, prepared for NationalAeronautics and Space Administration, Energy Research and Development Administration, andNational Science Foundation. NASA TM-73871
8 For example, Comparative Study and Evaluation of Advanced Cycle Systems, prepared byGeneral Electric Company for Electric Power Research Institute. Final Report, February 1978,contract AF-664. 3 volumes.
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One economic difficulty with MHD is that it requires large
plants in order to be economical. In addition, maximum efficiency
is obtained only when the plant is operated near full power condi-
tions. Both of these conditions are undesirable from the standpoint
of a utility's total load profile. Closed-cycle MHD could be superior
to open-cycle MHD in this respect if it should prove technically
feasible.

C. Environmental

MHD is generally believed to present fewer environmental prob-
lems than other coal-based technologies. Sulfur emissions from an
MHD plant could be kept to a very low rate by the demands of
seed recovery.

It is believed that nitrogen oxide emissions can be kept well
below anticipated standards by controlling the cooling rate of the
combustion products. 9 Some penalty in efficiency must be paid to
do this, but it is not considered a serious problem.

The expected high efficiency of MHD will reduce the amount of
coal consumed, which is an advantage when compared to other coal
based technologies. However, the adverse environmental impacts of
coal mining and transportation, although reduced, will remain, as
will the question of the effects of carbon dioxide in the atmosphere
when MHD is compared to non-fossil energy alternatives.

D. Social
N/A.

E. Political

Public Law 93-404 mandates that the ETF be built in the State
of Montana. If DOE decides to combine the ETF with an existing
power plant or include it as part of a larger new power plant
planned by a utility, as it is currently considering, it could be
difficult to find a suitable site in Montana.

F. Other

Competing advanced fossil fuel technologies, such as fluidized
bed combustion and coal gasification, are more developed than
MHD. This may result in greater emphasis on those technologies
which offer an earlier payoff. MHD will appear less attractive if
large amounts of funds are invested in other technologies, even if
ultimately it would prove to be a more economic means of produc-
ing electricity.

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990

As the beginning of engineering design for the intermediate scale
ETF is still at least two years away, it is extremely unlikely that
even a major development effort could bring a full scale MHD
plant into operation by 1990. A pilot scale plant could be in oper-
ation by that date, producing about 500 thermal megawatts.

9 Matray, Paul and Gordon Huddleston. MHD Emissions and Their Controls. Environmental
Science and Technology, vol. 13, p. 1208. 1979.



97

B. Contribution by 2000 or Beyond
The current DOE MHD development schedule calls for the initialoperation of a commercial demonstration plant in 1997. If utilitieswait for information from the operation of this plant to order MHDfacilities, large scale commercialization appears unlikely to occuruntil at least ten years later. If commercialization directly followsthe operation of an upgraded ETF, it is possible that a few 1,000Mw plants could be in operation by the year 2000.
The limitations of projecting costs and market shares for unde-veloped technologies twenty years into the future are well known.In a recent study it was predicted that beginning in the year 2004and continuing indefinitely, because of cost advantages, over 85percent of the new orders for baseload electricity generating capac-ity would be for power plants consisting of MHD topping cycles andsteam turbine bottoming cycles.10 The other technologies consid-ered in this study included: light water reactors, gas turbine com-bined cycle systems, and-atmospheric and pressurized fluidized bedsystems. However, given the current level of uncertainty, it cannotbe known with certainty if MHD will account for any part ofcommercial electricity generations in this period.

'° Comparative Study and Evaluation of Advanced Cycle Systems;aprepared by General Elec-tric Company for Electric Power Research Institute. Final Report, February 1978, contract AF-664, 3 volumes.



OTHER TECHNOLOGIES FOR THE UTILIZATION OF COAL *

I. SURVEY OF THE CURRENT SITUATION

A Description of the Technologies

1. LOW-BTU COAL GASIFICATION

Low-Btu gas is produced by the combustion of coal in the pres-
ence of steam and air. After cleanup, the resulting gas is composed
principally of nitrogen, carbon monoxide, and hydrogen, with a
heating value of less than 200 Btu per cubic foot. To achieve a
heating value equivalent to that of natural gas, a volume of low-
Btu gas nearly five times that of natural gas is required.2 The
typical mode of operation would be in a single-user plant with an
energy output of roughly 0.5-2.0 billion Btu/day.

2. MEDIUM-BTU COAL GASIFICATION

Medium-Btu gas is produced by the combustion of coal in the
presence of steam and oxygen. After clean-up, the resulting gas is
composed principally of carbon monoxide and hydrogen, and its
heating value is in the range of 300 to 600 Btu per cubic foot.3 The
principal mode of operation would be in a single-user plant with
energy output of at least 7 to 10 billion Btu/day or in a multiple-
user plant with an energy output of at least 30 billion Btu/day.

3. COMBINED CYCLE COAL GASIFICATION

In this system, coal is gasified by the low-Btu process, cleaned,
and used as fuel for a high temperature gas combustion turbine
which produces power and heat.4 The low-Btu fuel gas is fed to the
gas turbine system to produce electric power, and the hot exhaust
gases from the turbine pass through a heat recovery steam gener-
ator to produce high pressure steam, which may be used subse-
quently in a steam turbine or may be used for a variety of purposes
in other parts of the plant. A combined cycle plant producing 100
MWe (megawatts electric) of power is currently being planned for
California.

* Prepared by Robert E. Morrison, specialist in marine science, and Paul F. Rothberg, special-
ist in physical sciences.

The four coal technologies discussed in this chapter were judged to be among the ones most
likely to make some contribution to near-term'U.S. energy supplies.

2 U.S. Department of Energy. Commercialization Strategy Report for Low-Btu Gasification.
TID-28851 (Draft). 1978, p. 4. Subsequently cited as DOE Low-Btu Gasification report.

I U.S. Department of Energy. Commercialization Strategy Report for Medium-Btu Gasifica-
tion. TID-28850 (Draft). 1978, p. 3. Subsequently cited as DOE Medium-Btu Gasification report.

4 U.S. Department of Energy. Commercialization Strategy Report for Advanced Electric Gen-
eration Technologies. TID-28839 (Draft). 1978, p. 1. Subsequently cited as DOE Advanced Elec-
tric Generation Technologies report.

(98)
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4. ATMOSPHERIC FLUIDIZED BED COMBUSTION

In this process, coal or other fuels are burned in a bed of lime-
stone or other material to remove sulfur. Heat is removed by boiler
tubes immersed in and above the combustion chamber. The process
is adaptable to a wide variety of applications, including both utility
and industrial steam generations The approximate capacity of
coal-fired atmospheric fluidized bed systems in the United States
ranges from .3 MWe to 30 MWe.

B. Known Resources and Reserves
For a summary of known coal resources and reserves, see the

chapter of this report dealing with conventional coal utilization.

C. Current Contributions to U.S. Energy Supplies

1. LOW-BTU COAL GASIFICATION

In the 1920s and 1930s, prior to the establishment of the domes-
tic natural gas industry, thousands of low-Btu coal gasifiers were in
operation. With the introduction of the interstate natural gas pipe-
line system, most companies stopped using coal gasifiers and
switched to natural gas burners, which are more convenient to use.

Since the 1973-1974 oil embargo, the price of energy has signifi-
cantly increased and industrial users have occasionally experienced
difficulties obtaining reliable supplies of fuel. Consequently, inter-
est has increased in low-Btu coal gasification as a means of secur-
ing a reliable source of fuel. As of July 1979, in the United States,
six low-Btu gasifiers were operating, five were beginning oper-
ations, three plants were under construction, and two plants werebeing designed. 6 However, the combined output of the currently
operating plants contributes a negligible amount of energy to cur-
rent U.S. supplies.

2. MEDIUM-BTU COAL GASIFICATION

Although commercial size medium-Btu coal gasification plants
are in operation overseas, none have been built in this country;
hence there is no current contribution of this technology to U.S.
energy supplies.

3. COMBINED CYCLE COAL GASIFICATION

Separate components of the combined cycle coal gasifier have
been demonstrated; however, no fully integrated system has as yet
been operated. There is, therefore, no current contribution from
this technology to U.S. energy supplies.

5 U.S. Department of Energy. Commercialization Strategy for Industrial Atmostpheric Fluid-ized Bed Combustion. TID-28854 (Draft). 1978, p. 1. Subsequently cited as DOE IndustrialAtmospheric Fluidized Bed Combustion report.
6 Booz, Allen and Hamilton, Inc. "Analysis of Industrial Markets for Low and Medium BtuCoal Gasification." Washington, U.S. Government Printing Office, 1979, p. IV-2 (exhibit).



100

4. ATMOSPHERIC FLUIDIZED BED COMBUSTION

Approximately 20 atmospheric fluidized bed combustion units
are in operation or in the design or construction stage in the
United States, ranging in size from small test units to small com-
mercial prototypes. The estimated total capacity from all of the
operating units in the United States, including those which became
operational during 1979, is roughly 60 Mwe. The largest of these
facilities, with a capacity of 30 Mwe, is located at Rivesville, West
Virginia.7

D. State-of-the-Art

1. LOW-BTU GASIFICATION

Processes and equipment for producing low-Btu gas for industrial
applications are available commercially. Except for equipment im-
provements and changes required by environmental constraints,
these gasifiers are similar to those used extensively during the
1920s and 1930s.

2. MEDIUM-BTU GASIFICATION

Although limited in the number of processes available and in the
types of coal that can be used, the processes and equipment for
producing medium-Btu gas are available commercially. Advanced
medium-Btu gasification systems under development offer the po-
tential of lower cost and increased capability to use Eastern coal.

3. COMBINED CYCLE COAL GASIFICATION

The separate components of this system-i.e., the coal gasifier,
desulfurization processes, and combined cycle power plants fired by
oil and gas-are all operational. However, no fully integrated, com-
mercial-size, combined cycle gasifier using coal has been operated.
Furthermore, a turbine operating at 2200 degrees F on the prod-
ucts of the gasifier is required for the system to be economically
competitive; additionally, substantial technical development is still
required.8

4. ATMOSPHERIC FLUIDIZED BED COMBUSTION

While there are still many unanswered questions regarding the
large-scale utility applications of atmospheric fluidized bed combus-
tion, the technology is ready for industrial-scale commercial proto-
types. A large number of smaller industrial units are currently in
operation or in the design or construction stage.

E. Current Research and Development

1. LOW-BTU COAL GASIFICATION

Currently, several low-Btu gasification projects are underway
which involve Department of Energy (DOE), Tennessee Valley Au-
thority (TVA), or Environmental Protection Agency (EPA) funding.
These include DOE's Gasifiers in Industry Program, in which sev-
eral projects are currently in operation. DOE projects include small

7 Ibid.
8 DOE advanced electric generation technologies reports, p. 13.
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(1 ton of coal/hr) fixed bed gasifiers without sulfur removal, andalso include the sharing of costs, including the costs of three yearsof operation, on approximately a 50/50 basis.9
The DOE is also supporting development of second generation oradvanced processes intended to expand the varieties of coals usableand to increase the throughput; these are at the bench or pilotplant scale and will not be ready for commercial demonstration forseveral years.' 0 The Federal budget request for low- and medium-Btu coal gasification for fiscal year 1981 is $19 million.

2. MEDIUM-BTU GASIFICATION

The Fuel Gas Demonstration Program is the only commercialdemonstration program underway in DOE for the design, construc-tion, and operation of medium-Btu gasification systems. Under thisprogram, two projects were selected for design, with 100 percentDOE funding. One of these projects has been selected for construc-tion on a 50/50 cost-sharing basis. Commercial operation of theplant is not anticipated before 1985."1 With respect to the otherproject, DOE has decided to continue funding design of a commer-cial-scale facility to process coal into medium-Btu gas which wouldthen be converted into methanol and ultimately into gasoline. DOEis currently considering ways to assist the commercialization ofthis project.
Most of the other DOE-funded programs concern development ofsecond and third generation processes and sub-systems; they are invarious stages of research, bench, and pilot-plant scale developmentand are not expected to be available commercially until at least1990. Furthermore, the DOE high-Btu gasification program willdemonstrate some advanced processes which can also convert coalto medium-Btu gas. Industry has also been involved in developingmedium-Btu gas technology. 12

3. COMBINED CYCLE COAL GASIFICATION

Work on combined cycle gasification systems has been performedat a small-scale plant in West Germany, where gasifiers, desulfuri-zation plants, gas turbines, and waste heat recovery steam gener-ators have been integrated. The principal development require-ments for the combined cycle system include the low-Btu combus-tor for near-term applications and a high-temperature turbine forlater applications. The DOE currently sponsors development toachieve turbine firing temperatures into the 2600 degree F range,and engine tests are expected on low-Btu gas during the 1980-84period.' 3 No Federal funds have been requested for this work forfiscal year 1981.

4. ATMOSPHERIC FLUIDIZED BED COMBUSTION

Only one pilot plant (DOE-sponsored), with a 30 MWe capacity,has been operating in this country in a utility environment; howev-
9 DOE low-Btu gasification report, p. 7.0 [bid.
I DOE medium-Btu gasification report, pp. 4-5.

12 Ibid., p. 5.
,I DOE advanced electric generation technologies report, p. 14.
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er, certain other DOE efforts support utility and industrial applica-
tions. These include basic studies, development of improved proc-
esses, mathematical modelling, installation of a coal feed test unit,
planning for a materials test unit, and conceptual design work for
a full-scale utility demonstration plant. There are also several re-
lated industrial atmospheric fluidized bed projects underway for
various applications and plant sizes; it is expected that experiences
gained from these projects will also apply to some extent to utility
applications. 14 The Federal budget request for fiscal year 1981
amounts to $37.2 million.

In addition to these DOE-supported efforts, the United Kingdom
and the U.S. private sector have supported development efforts on
this technology. Financial and technical commitments have been
made by boiler suppliers, architect-engineers, industries, utilities,
and trade associations.", For utility applications, the Tennessee
Valley Authority has undertaken a program to demonstrate atmos-
pheric fluidized bed technology at a size suitable for baseload
power generation. DOE will support TVA's effort by providing
technical data.

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development

1. LOW-BTU COAL GASIFICATION

Although gasifiers and components for this technology are com-
mercially available now, additional research and development
could advance larger throughput systems cost improvements. In
terms of starting a U.S. industry, commercialization of existing
systems, is judged to be the most crucial step at this time (see II.C,
below).

2. MEDIUM-BTU COAL GASIFICATION

First generation processes and equipment for producing medium-
Btu gas from coal are available commercially. Research and devel-
opment activities on second and third generation processes could
yield improvements in operating cost; however, these processes will
not be ready for the market for several years.

3. COMBINED CYCLE COAL GASIFIER

Although the combined cycle system can use commercially
proven technology, substantial technical development, especially in
high temperature gas turbines and in low-Btu combusters, could be
used to improve reliability of existing systems. As discussed in
section III C, continued work on emission control technology for
combined cycle systems also appears necessary.

4. ATMOSPHERIC FLUIDIZED BED COMBUSTION

Operation of coal-fired atmospheric fluidized bed combustion
units has been fully demonstrated, on a small scale, in this country
and overseas; however, research and development efforts on var-

Ibid., p. 2.
Ibid.
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ious materials and components used in this technology are needed.In particular, research and development is required on: (a) industri-al-scale boilers and heaters for more reasonable cost and improvedperformance and reliability, and (b) coal feed facilities.

B. Demonstration

1. LOW-BTU COAL GASIFICATION

Low-Btu gasifiers have been proven technically, and at leasteight different types of gasifiers are commercially available, rang-ing in capacity from one to 45 tons of coal per hour. These systemshave been demonstrated commercially in various parts of the worldin a number of applications.- Successful demonstration of thistechnology in numerous applications could convince hesitant poten-tial users of the benefits of this technology.

2. MEDIUM-BTU COAL GASIFICATION

Although there are over 100 medium-Btu gasification plants op-erating overseas, there are no commercial plants in the UnitedStates today. Thus, operation of a medium-Btu demonstration
plant, whose design, construction, and operation are currentlyplanned, is needed to promote the commercialization of this tech-nology in the United States.17

3. COMBINED CYCLE COAL GASIFICATION

Although the separate system parts are operational, no demon-strated full-scale integrated gasifier and combined cycle plant isoperational. A small-scale demonstration plant has been in oper-ation in West Germany for several years; however, further techni-cal developments could aid successful construction and operation ofsuch a facility in the United States.

4. ATMOSPHERIC FLUIDIZED BED COMBUSTION

Small industrial atmospheric fluidized bed combustion units haveoperated successfully, demonstrating the practicability of fluidiza-tion, combustion efficiency, sulfur oxide removal, and steam gen-eration. However, a reliable full-sized demonstration plant, provid-ing validated operational and economic characteristics, is essentialbefore the utility sector will assume the risks of this new technol-ogy."8 Uncertainty exists about the long-term operating perform-ance of these units for utility use because large units have not yetbeen successfully demonstrated in a commercial environment.

C. Commercialization

1. LOW-BTU AND MEDIUM-BTU COAL GASIFICATION

Industry is convinced that both low-Btu and medium-Btu coalgasification do not currently provide a clear economic advantageover conventional fuels. Early adopters face substantial risks due
DOE low-Btu gasification report, p. 6.

"DOE medium-Btu gasification report, p. 4.
"DOE advanced electric generation technologies report, p. 6.
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to lack of operating experience, uncertainty regarding equipment
costs, lack of data on plant retrofit requirements, and uncertainties
over Federal policies regarding energy pricing and environmental
restrictions.19

The Federal Government's role in the advancement of low-Btu
and medium-Btu coal gasification currently includes support of
several of the first commercial demonstration plants to be built (in
recent times) and the dissemination of data to both industry and
the public. However, the Federal Government plans to play an
increasingly active role in promoting the commercialization of
these technologies. Using authorities and appropriations contained
in Public Law 95-238, Public Law 96-126, and legislation creating
the United States Synthetic Fuels Corporation (SF0), which will be
a Federally-supported, primarily financially-geared entity, the De-
partment of Energy and the SFC could expedite the commercializa-
tion of low-Btu and medium-Btu coal gasification by offering an
array of incentives, such as price guarantees, purchase agreements,
loan guarantees, project feasibility studies, and cooperative ar-
rangements. Under generally accepted forecasts of energy prices
and supply, Federal initiatives/incentives will be the principal
factor to accelerate the market penetration-commercialization of
low-Btu and medium-Btu coal gasification. 20

2. COMBINED CYCLE COAL GASIFICATION

Commercial implementation of combined cycle power systems
will require substantial investments before the technology is con-
sidered acceptable to utilities for private investment. This early
investment has been estimated at $500 million to $1 billion. The
following conclusions on the readiness of this technology have been
stated (in draft form) by the DOE task force on commercialization
for advanced electric generation technologies:

(a) Although this technology can use commercially proven
components, greater benefits could be achieved with high tem-
perature gas turbines now being developed.

(b) The present state-of-the-art is not competitive with other
concepts, e.g., conventional coal with a scrubber or atmospher-
ic fluidized bed combustion.

(c) Since uncertainties are costly to resolve, development and
demonstrations are needed.

(d) Potential for this technology is high, but business risk
will hinder commercialization.

(e) Further development should precede commercialization. 2 '

3. ATMOSPHERIC FLUIDIZED BED COMBUSTION

Early acceptance and use of this technology by industry is criti-
cal to its adoption and the consequent rate of market penetration.
However, acceptance is highly dependent on satisfactory demon-
stration to potential users. A major problem facing this technology
is that many industrial users are reluctant to risk current produc-
tive capacity to promote this uncertain technology, regardless of

1' Booz, Allen & Hamilton, Inc., p. 19.
20 Booz, Allen & Hamilton, Inc., p. 22.
21 DOE advanced electric generation technologies report, p. 18.
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savings which might accrue. However, once this technology has
- been proven reliable in a variety of industrial uses and can meetU.S. pollution standards, it seems likely that companies now utiliz-ing conventional fuels might switch to atmospheric fluidized bedcombustion. In the DOE draft study, it was recommended thatindustry build and operate the demonstration units, thus providing,
with maximum credibility and technology transfer, the experience
and data on performance, cost, reliability, emissions, and waste
disposal.22

Because of the diverse composition of the industrial boilermarket and wide differences in end-use applications, a variety ofactions is likely to be needed .to overcome all market barriers tothe use of atmospheric fluidized bed combustion. Consequently,
DOE officials have offered the following recommendations:

(a) Build 4 commercial-scale industrial prototype units infour different industries on a cost-shared basis.
. (b) Impose an oil tax and provide for industrial gas priceincreases.to reduce the economic advantages of these fuels vis-

a-vis coal.
(c) -Clarify the intent of the Environmental Protection

Agency on industrial standards and firm up these standards as
soon as possible.

(d) Continue the existing industrial applications program.
(e) Initiate a detailed survey of the small boiler and process

heater markets to provide a data base for penetration of these
markets. 2 3

The DOE strategy proposed for achieving commercialization ofatmospheric fluidized bed combustion for utility purposes includes
the following actions:

(a) Initiate development of a 200 MWe demonstration atmos-
pheric fluidized bed combustion plant, expected to be on-line by1985;

(b) Start the development of an early plant risk reduction
program by examining all alternatives, selecting those deemed
most appropriate and capable of implementation, and strive toimplement them; and

(c) Verify the present tentative conclusion that full-scale at-mospheric fluidized bed combustion will not require a scrubber
to meet current and proposed environmental standards.24

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

A. Low-Btu Coal Gasification
The most significant barriers to commercialization of low-Btugasification, according, to DOE, include the following:

(a) Current availability of cheaper fuels and the expectation
that fuels, such as oil and natural gas, will continue to be
available and remain cheaper in the future;

22 DOE industrial atmospheric fluidized bed combustion report, pp. 34-35.
23 Ibid., P. 36.
24 DOE advanced electric generation technologies report, p. 28.
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(b) The lack of current Federal environmental standards for
low-Btu gasification and the fear that, once standards are es-
tablished, they will be changed;

(c) Lack of sufficient operating experience with interaction
between gasification and specific end use applications;

(d) Uncertainty of costs to design, build, and operate a plant
and of the cost of the gas produced, particularly a problem
when extensive gas clean-up is required; and

(e) The risk of being the first in a specific industrial applica-
tion, in view of the uncertainties of cost, lack of experience,
and changes in environmental regulations.2 5

B. Medium-Btu Coal Gasification

According to DOE, the most significant barriers to commercial-
ization of medium-Btu gasification include the following:

(a) Need for development of a fuel pricing policy that will
encourage the conversion to coal and the reduction of oil im-
ports;

(b) The lack of Federal environmental standards for this
technology and the fear that, once standards are established,
they will be changed;

(c) Current availability of cheaper fuels and expectations
that fuels such as oil and natural gas will be available and
remain cheaper in the future;

(d) The lack of operating experience and technology applica-
tion experience for potential users to evaluate, since there are
no medium-Btu gasification plants in the United States;

(e) Uncertainty of the costs to design, build, and operate a
plant and of the cost of the gas produced; and

(Q) The risk of being the first in a specific industrial applica-
tion, in view of uncertainties of cost, lack of experience, and
lack of and potential changes in environmental regulations. 26

C. Combined Cycle Coal Gasification

The basic barriers to commercialization of the combined cycle
gasifier concept are technical, environmental, and institutional.
Technical obstacles cited by DOE include the fact that the follow-
ing systems and sub-systems do not yet exist:

(a) A demonstrated full-scale operational integrated gasifier
and combined cycle plant;

(b) A fully-developed combustor using low-Btu gas;
(c) Commercially available entrained bed gasifiers to handle

caking coal; and
(d) A developed and demonstrated high temperature gas tur-

bine operating on coal gas.
Technical barriers resulting from a lack of commercially-ready
high temperature turbines are so great that commercialization of
this technology is not possible at the present time.27

Further investigation of certain emission problems and develop-
ment of emission control are needed to remove the following poten-

2 5 DOE low-Btu gasification report, p. 11.
26 DOE medium-Btu gasification report, p. 9.
27 DOE advanced electric generation technologies report, pp. 15-16.
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tial environmental barriers to commercialization of the combinedcycle gasification plant:
(a) Occurrence of minor sulfur compounds in the fuel gasand in tail gas discharged into the atmosphere (although theSelexol process does remove 99 percent of the hydrogen sulfidefrom the fuel gas); and
(b) Generation of thermal nitrogen compounds and particles(soot) in the combustor.

It is expected that improvements in emission controls developed foralternate power systems could also be applied effectively to thecombined cycle plant.28

Two barriers could impede use of the combined cycle gasificationplant. One obstacle is the tendency for the Federal Government tocontinue changing emission standards, thus defeating prospects forplant standardization and associated capital cost reductions. Thesecond institutional barrier is the significant risk associated withutilization of a technology more complex than any other systemwhich electric utilities have experienced.29

D. Atmospheric Fluidized Bed Combustion
Barriers to the commercialization of industrial atmospheric fluid-ized bed combustion are technical, economic, environmental, andinstitutional. These obstacles are summarized below:

1. OPERATING PERFORMANCE

(a) No large-scale atmospheric fluidized bed combustion unitsare in commercial operation in the United States.
(b) Industrial users will not risk production operations on atechnology not demonstrated at, or close to, commercial scale incommercial operations.
(c) Commercial demonstration plants are needed to reduceuncertainty and risks related to costs and environmental

performance.

2. CHEAP OIL AND GAS

(a) At today's prices, it is still cheaper to burn oil and gas toproduce steam because of the much higher investment requiredfor coal-fired atmospheric fluidized bed combustion or conven-
tional boilers.

(b) Although cost increases and uncertainty about futuresupplies will decrease the desirability of oil and gas as largeindustrial boiler fuels, on an economic basis use of these fuelswill not be eliminated.

3. CAPITAL COSTS

(a) Atmospheric fluidized bed combustion or conventional
coal-fired boilers cost three to five times as much as oil/gas
boilers.

(b) Atmospheric fluidized bed combustion costs are uncertain,
pending experience with commercial units; however, it is esti-mated that 80 percent of commercial unit costs will be derivedfrom common, conventional equipment and costs of the units
unique to this technology will comprise 20 percent of the total
costs.

28 Ibid., p. 16.
29 Ibid., p. 17.

71-990 0 - 81 - 8
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4. RELIABILITY DATA

(a) No data are available on commercial-scale operating per-
formance. Major potential user industries require continuous
operation 24 hours per day and 350 days per year.

(b) Industry will not install critical boilers on speculative
performance data.

5. ENVIRONMENTAL BARRIERS

(a) No standards now exist for industrial boilers with a capac-
ity of 250 million Btu per hour, and delay in setting standards is
a deterrent to investment decisions.

(b) Industry wants assurance that, if atmospheric fluidized
bed units are installed, they will not become uneconomical
because of future environmental standards.

(c) Atmospheric fluidized bed combustion generates large
amounts of dry, alkaline waste from use of limestone, and future
disposal needs are difficult to evaluate, owing to uncertainty
about leaching of these wastes.

6. LIMESTONE CHARACTERISTICS

(a) Though widely available, limestone varies in sulfur diox-
ide absorption characteristics and must be evaluated for use in
atmospheric fluidized bed combustion on a case-by-case basis.

7. BOILER MANUFACTURER INTEREST

(a) Several major boiler manufacturers are not yet ac-
tively seeking industrial atmospheric fluidized bed combustion
business. 30

Many of the barriers stated above for industrial use of atmos-
pheric fluidized bed combustion also apply to commercialization
of this technology in the electric utility field. Such barriers, as
specifically related to utility application, are listed below:

(a) Need for a validated demonstration of reliability, econom-
ic, and environmental characteristics.

(b) Improvements in coal feed, in-bed high temperature mate-
rials, carbon utilization, and boiler operation and control.

(c) Willingness of utilities to assume the risks associated with
the new technology in view of uncertainties about operations
and regulations applied to utilities.

(d) Uncertainties about environmental standards.3'

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

Anticipated contributions of the four technologies discussed
above to U.S. energy needs in 1985, 1990, and 2000 as summarized
by DOE are given in table 4.

'DOE industrial atmospheric fluidized bed combustion report, pp. 41-46.
"DOE advanced electric generation technologies report, pp. 2, 9-10.
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TABLE 4.-ESTIMATED CONTRIBUTIONS TO U.S. ENERGY NEEDS FROM OTHER TECHNOLOGIES FOR
THE UTILIZATION OF COAL

[In quadrillions of Btuos]

Technology 1985 1990 2000

Low-Btu coal gasification ' .................................................... 0.01 0.16-0.2 1.0Medium-Btu coal gasification 2 .................................................... 0.04 0.3-0.5 1.0-4.4Combined cycle coal gasifier3 ..................................................... 0 0.1 3.0Atmospheric fluidized bed combustion:
Industrial4..............................................................................................................00.1 

3.0Electric ut
ility'....................................................................................................... 0.15 0.7 3.0

Total................................................................................................................... 0.20 1.36-1.6 11.0-14.4

U.S. Department of Energy. Commercialization strategy report for low-Btu gasification, p. 8.U.S. Department of Energy. Commercialization strategy report for medium-Biu gasification, p. 6.U.S. Department of Energy. Commercialization strategy report for advanced electric generation technologies, pp. 8 15.4 U.S. Department of Energy. Commercialization strategy report for industrial atmospheric fluidizod bed combustion, p. 17.

The uncertainty associated with these DOE projections should berecognized. As discussed below, DOE's projections may prove to beoverly optimistic, especially in view of the technical, economic,environmental, lead-time, and institutional constraints facing thesetechnologies. For illustrative purposes, an analysis of the outlookfor medium-Btu gasification is presented as follows.
The DOE predicts that the expected market penetration ofmedium-Btu gasification by 1990 will be .3-.5 Quads, which wouldbe produced by 30-50 plants. Currently, there are no medium-Btugasification plants operating in the United States. Data from avail-able press releases indicate that few companies are now proceedingwith these plants. The 1985 market for these plants is expected toconsist of, at most, two or three plants.32 The lead times associatedwith commercialization are quite lengthy. Design work for oneproject began in 1977, and commercial operations are planned tobegin around late 1985. The initial plants are to serve as testprojects for other companies which are generally waiting on theresults of these early efforts.33 In view of the long lead timesnecessary to construct a commercial plant, the uncertainties facingthis industry (such as questions regarding future Federal environ-mental and economic policies), and the current and anticipatedlevel of industrial activity, it seems highly unlikely that 30 plantswill be completed by 1990, as projected by DOE.

1' Booz, Allen & Hamilton, Inc., p. VII-22.
'Thakkar, Pravin. "Memphis Industrial Fuel Gas Demonstration Project." Gas EnergyReview. American Gas Association. April 1980: 1.



DIRECT SUNLIGHT TECHNOLOGIES

AGRICULTURAL AND INDUSTRIAL PROCESS HEAT
APPLICATION OF SOLAR ENERGY *

I. SURVEY OF CURRENT SITUATION

A. Description of the Technology
Solar collector systems for agriculture and industrial processheat applications produce hot air, hot water, and steam withinthree primary temperature ranges: low (less than 212 degrees F);intermediate (212 to 350 degrees F); and high (greater than 350degrees F). Much of the technology for agricultural and industrialapplications is adapted from solar heating and cooling systems,particularly for low-and-intermediate-temperature requirements.For higher temperatures, the applications draw from high-concen-tration collectors developed for the solar thermal electric program.Agricultural and industrial energy requirements account for ap-proximately 39 percent of the total energy used in the UnitedStates.' Industrial energy consumption in 1979 totaled approxi-mately 29 quads of primary energy, or about 37 percent of thenational total;2 agriculture used an estimated 1.3 quads in 1978, orabout 2 percent of our national consumption.3 About 16 percent ofthe energy consumed in agriculture is for livestock shelter heat (11percent) and crop drying (5 percent). 4

Of the energy consumed in the industrial sector, approximatelythree percent is used at temperatures of less than 212 degrees F, 32percent is used at temperatures betwen 212 degrees F and 350degrees F, and 65 percent is used at temperatures above 350 de-grees F.5 Existing or near-term solar technologies can achieve tem-peratures in the low and intermediate range required for manyagricultural and industrial and applications.

B. Known Resources and Reserves
Solar energy is essentially inexhaustible. However, limitations onthe availability of materials which make up the collectors andother components of agricultural and industrial heat systems couldlimit the rate of application should the demand for these systemsbecome great.

Prepared by J. Glen Moore, analyst in energy technology.'Solar Energy for Agriculture and Process Heat. DOE. September 1978.2Department of Energy Solar Energy Objectives Calendar Year 1980. DOE/CS-0155 Part V,Solar Energy in the Industrial Sector. 1980, p. 168.
'Ibid. Part IV, Solar Energy Use in the Agricultural Sector, p. 137.U.S. Department of Agriculture. USDA Energy Policies: Price Impacts on the U.S. FoodSystem. USDA Agricultural Economic Report No. 407 (1978).5 Domestic Policy Reviews of Solar Energy. Final Report [of the] Research, Design and Devel-opment Panel. DOE October 1978.
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C. Current Contribution to US. Energy Supplies

Aside from greenhouse heating which has always been a solar
function, a small commercial market is developing for certain agri-
cultural solar applications such as crop dryers. On the whole, how-
ever, agricultural and industrial solar applications are considered
experimental and are not making a contribution to U.S. energy
supplies at this time.

D. State-of-the-Art

1. AGRICULTURAL APPLICATIONS

Current solar conversion applications in agriculture are limited
primarily to grain drying, crop drying, food processing, and animal
shelter heating. The temperature requirements for these applica-
tions are moderate (generally below 120 degrees F) and can be met
with currently available active or passive collector systems similar
to those employed in residential heating and cooling applications.
After direct heating, irrigation pumping for crop production is the
second largest direct energy requirement in agriculture. The use of
solar energy systems for irrigation is promising, but this applica-
tion requires concentrating collectors and vapor-cycle engines
which are not yet commercially feasible.

2. INDUSTRIAL APPLICATIONS

Industrial process heat is defined as thermal energy used directly
in the preparation and/or treatment of materials and goods pro-
duced by mining and manufacturing processes. In practice, process
heat can be hot water, low-pressure steam, or hot, dry air. State-of-
the-art flat-plate collectors. can satisfy many low-temperature in-
dustrial requirements. Collectors for intermediate temperature re-
quirements are technically advanced but still not ready for wide-
spread commercial application. For high temperature require-
ments, however, collector technology is not well advanced, with
technical feasibility of components, subsystems, and systems limit-
ed largely to prototype demonstrations.

E. Current Research and Development

A Federal program for agricultural and industrial process heat
applications has been underway for several years. The general
program strategy for both industry and agriculture has been to
emphasize systems based on state-of-the-art components (predomi-
nantly low-temperature, flat-plate collectors), rather than systems
whose components require significant research and development
efforts. It has been assumed that Federal R. & D. expenditures
within other programs, notably those in solar heating and cooling
and solar thermal electric technologies, would provide the neces-
sary systems R. & D. required for intermediate and high-tempera-
ture applications in the mid-to-long-term.

The Department of Agriculture manages a series of cost-shared
demonstration experiments and prototype systems development
projects for DOE. The program now consists of approximately 50
projects taking place under a variety of climatic conditions. These
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projects include agricultural food processing, grain drying, and theheating of livestock shelters and greenhouses.
In the industrial applications area, DOE is sponsoring a series ofprojects to demonstrate state-of-the-art low- and intermediate-tem-

perature solar systems for diverse industrial processes. Increasedeffort is only now beginning to be directed toward high-tempera-ture collectors. And while high-temperature collectors are complexand not well developed, such efforts are considered important tofurthering agricultural and industrial uses because the potentialmarket is broadened as the temperature capability of the solarsystem increases.
The DOE received $14 million for the Agriculture and IndustrialProcess Heat Applications Program in fiscal year 1990; an addition-al $15 million was earmarked under the DOE Systems Develop-ment Program to support this activity, bringing the total Federalbudget for agricultural and industrial process heat to $29 millionin fiscal year 1980. The fiscal year 1981 request, post-revision,amounts to $38.1 million.
Other nations are interested in agricultural and industrial heatapplications of solar energy and are proceeding with the develop-ment and testing of systems similar to those being investigated inthe United States, but at a substantially lowered level of effort.
II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

The long-term prospects for solar process heat are dependent onR. & D. program efforts, because in the long-term, use will bedetermined primarily by solar system costs and particularly bycollector costs. These costs might be reduced by a program whichconcentrates on fundamental research and development that canlead to significantly improved, lower cost collector systems, al-though other cost-reducing approaches might be as effective. Be-cause of the costs involved and the uncertainty of future markets(especially for intermediate- and high-temperature industrial sys-tems), it is unlikely that the solar industry will be willing or ableto conduct its own R. & D. for advanced systems as it did for solarbuilding applications. Therefore, a predominant Federal role in R.& D. is seen as a major requirement for moving these applicationsinto commercial use. Further, the high capital costs for agricultur-al and industrial process heat systems, leading to a rather poorreturn on investment, indicates a broad Federal program of finan-cial and investment incentives will be required if commercializa-tion is to proceed at a quick pace.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

The widespread implementation of agricultural and industrialapplications faces many of the same obstacles identified for solarheating and cooling of buildings. However, several additionalpoints must be considered regarding agricultural and industrialprocess applications:
A. Technical

Industrial process heat technology for the 350 degree F andhigher range has only been demonstrated in prototype. Rigorous R.
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& D. is needed in relevant subcomponent areas, including struc-
tures, coatings, reflectors, and controls as well as systems engineer-
ing for low cost manufacturing, assembly, and installation. A low
level of technological development for high-temperature compo-
nents and systems means the exclusion of about 70 percent of the
process heat market where direct applications might be considered,
thus reducing significantly the commercialization potential of in-
dustrial process heat.

B. Economic

1. PAYBACK REQUIREMENTS

Industry requires short payback periods for new process systems,
generally from three to five years, and a high internal rate of
return for capital investment. At this time, solar technology per-
forms poorly in both respects. Solar industrial process heat sys-
tems, like most solar technologies, are characterized by high initial
costs and long payback periods. It is estimated that energy from
first generation intermediate-temperature solar industrial units
will cost two to three times more than it would cost to use residual
fuel oil.6 Payback and return on investment may not be as critical
for agricultural solar application but will still be a limiting factor.
Federal and State economic incentives can be useful in bringing
about early acceptance of both agricultural and industrial solar
energy systems.

2. FEDERAL CORPORATE TAX POLICY

Under corporate tax law, firms are allowed to deduct as a busi-
ness expense the cost of fuels such as oil, natural gas, and electric-
ity. These costs are deducted from gross income, which means the
income which pays for fuel is not taxed. Consequently, fuel cost
savings from a solar installation, in effect, are taxed as company
profits. Reducing costs by cutting fuel bills adds to the taxible
income and only a portion of the cost of solar equipment as a
capital investment can be deducted for depreciation. Federal tax
policy that allows deducting fuel expenses from gross income while
treating solar equipment as a capital investment, could be a major
disincentive to solar investments for these applications.

C. Environmental

N/A.
D. Social

N/A.
E. Political

The Federal solar program deals with the agricultural and indus-
trial sectors as a single entity, though it is increasingly clear that
the nature of applications, technology, and problems may be mar-
kedly dissimilar in the two sectors. Furthermore, the rate of
market penetration of the two may also be dissimilar, with agricul-
tural applications likely to proceed at a faster pace than industrial
applications. The market prospects of both might be improved by a
separate management structure within DOE for each application.

I Domestic Policy Review of Solar Energy. DOE. February 1979.
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F Land Requirements
Many large process energy users operate 24 hours a day, 365days a year. Their energy requirements can be very large andunless extremely large areas of collectors (in excess of availableroof area) are considered, solar process heat may contribute only asmall fraction of the total required energy of a given industrialplant. Large industrial energy users may not be interested in anenergy system which is so limited. Therefore, requirements forsuitable land area for collectors near industrial plants could be asubstantial market barrier; such requirements should not be aproblem for agricultural applications, however.

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990
Solar energy technology and manufactured hardware are availa-ble for low and intermediate temperature applications in agricul-ture and industry. However, solar systems typically have not beencompetitive to date and their long-term operating experience needsto be observed.
In agriculture, the major markets for solar thermal energy sys-tems are in irrigation pumping, crop drying, and greenhouse andlivestock shelter heating. Solar energy can make a potentially sig-nificant contribution to these markets, however, since energy usein the agricultural sector is relatively small (1.3 quads in 1978),even a significant contribution would have little impact on nation-al energy consumption. The contribution of solar thermal energysystems to the agricultural sector probably will be negligible in1990.7
The industrial sector can use solar thermal energy for bothelectricity and heat, with the largest ultimate impact expected tocome from the production of industrial process heat.h Solar thermaldevices now provide virtually no energy in the industrial sector; by1990 DOE estimates these systems will save the energy equivalenceof 1 quad in primary fuels.9

B. Contribution by 2000 or Beyond
DOE estimates that the agricultural sector will save the energyequivalence of 0.2 quads in the year 2000 from the use of solarthermal devices for irrigation pumping (0.08 quads), crop drying(0.1 quads), and greenhouse and livestock shelter heating (0.03quads).10
Aided by the Power Plant and Industrial Fuel Use Act," whichencourages the use of solar thermal systems by establishing prohi-bitions against the consumption of large amounts of oil and naturalgas in industry and utilities, the use of solar thermal systems inthe industrial sector is expected to show steady growth through the

'Department of Energy Solar Energy Objectives, Calendar Year 1980. DOE/CS-0155. April1980, P. 141.
* Ibid., p. 171.
* Domestic Policy Review of Solar Energy. A Response Memorandum to the President of theUnited States. DOE. TID-22834. February 1979, fig. 4.
An 42 U.S.C.A. par. 6211 (Supp. 1979).
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1990s. By the year 2000 DOE estimates industry will save the
energy equivalence of 2.0 quads of primary energy from the use of
solar thermal electric and process heat systems.-2

'Op. cit., p. 171.



PASSIVE SOLAR ENERGY *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology
Passive solar heating and cooling is a technology for heating andcooling of interior spaces. It is distinguished from active solartechnology by its use of the structure of a building to collect,circulate, and store solar thermal energy for use in the building.Active solar technology uses mechanical appliances connected byconduits filled with a fluid which is pumped around with the aid ofexternal power. The external power may be, but need not be,electricity from photovoltaic cells or other solar electric powertechnologies. 1
Passive solar heating and cooling may also be distinguished fromsolar electric power technologies. Such technologies produce elec-tric power from sunlight either directly, from the light-sensitiveplates of photovoltaic cells, or indirectly-for example by heatingwater to produce steam for a steam-powered electric generator.The following discussion will concentrate on the uses of passivesolar energy in heating and cooling homes.2
A home may be defined as any construction in which one humanfamily unit lives, whether an apartment, mobile unit, cottage orhouse-provided it includes its own cooking facilities, and is capa-ble of year-round habitation. Apartment units and mobile homesare thus specifically included in the definition of a home.Homes may be described in four classifications according to theway they use or disregard the heat available from sunlight and thecooling available from natural ventilation. These are: conventional,energy-efficient, sun-tempered, and true passive solar. 3

1. THE CONVENTIONAL HOME

A conventional home is one whose design includes no featurewhose main purpose is using sunlight for home heating. Nearly allconventional homes have some windows which have been providedfor lighting in the daytime, and for a view. These windows admitand capture a small amount of heat from the sun. When thecurtains are open and the glass is closed, warm sunlight freelyenters-and the interior air, warmed by the sunlight, is kept fromescaping. When the curtains are closed and the glass is open, less

'Prepared by David Hack, analyst in energy technology.
' Some solar buildings incorporate both passive and active solar heating and cooling features.These buildings are called hybrid solar buildings.
2 Although passive solar technology is applicable to some industrial purposes, for example theheating and cooling of warehouses, the present analysis is limited to homes as here defined. Thisis done in part to keep the analysis within a manageable scope, and in part because data on theheating and cooling of industrial spaces are difficult to separate from the energy used inindustrial processes.
q U.S. Department of Housing and Urban Development. The First Passive Solar HomeAwards. Washington, U.S. Government Printing Office, January 1979, 226 p.
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sunlight is admitted, and that which does enter to warm the room
is carried away by air flowing around the curtain and through the
open glass. This prevents the interior of the home from becoming
warmer than the air outside.

2. THE ENERGY EFFICIENT HOME

An energy efficient home is similar to a conventional home,
except that unusual care is taken in its design and construction to
insulate the exterior walls, the ceilings, and the floor, foundation
or basement. Extra care is also taken in the energy efficient home
to weatherstrip windows and doors, and to seal or caulk many
hidden cracks and joints which in a conventional home are sources
of air infiltration.

3. THE SUN-TEMPERED HOME

The sun-tempered home is like the energy-efficient home in care-
ful attention to insulation, weatherstripping and sealing; but it
often differs substantially from both the conventional and the
energy-efficient home in appearance. The sun-tempered home looks
different because it is designed with extra large south-facing win-
dows to take increased advantage of the heat available from the
sun in the winter. These windows usually include some provision
for shading from the sun during the summer, to minimize the need
for mechanical cooling equipment. The north-facing windows of a
sun-tempered home are fewer in number and smaller in area than
those of a conventional or energy-efficient home. East- and west-
facing windows are also limited in number and size in the sun-
tempered home, and often will include special blinds or shutters.

4. THE TRUE PASSIVE SOLAR HOME

The true passive solar home includes the features of both the
energy-efficient and the sun-tempered home-and adds to them the
designed-in presence of greatly increased thermal storage mass.
This mass may be of masonry, sand, water or other material which
is cheap and dense and able to absorb and hold a lot of heat for a
period of time, thus damping daily temperature swings. The pas-
sive solar home also provides for circulation of warm or cool air by
natural air currents, and for direct transfer of heat between the
thermal mass and human bodies by infrared radition.

Passive homes have natural air currents which-with vents to
the outside closed-circulate and distribute the heat of the storage
mass throughout the home.4 In warm weather, with vents to the
outside open, prevailing winds may flow through the home. This
air flow is especially effective for cooling in climates with cool
nights. Air currents must be designed into the very architecture
and structure of the building. Any supplementary mechanical cir-
culation which is provided must be designed to work with, rather
than against, the air flow which results from the basic building
design. Aided by proper opening and closing of air vents and sun
shades, the same thermal storage mass which warms the house

4 The word "vent" includes windows which may be opened, as well as non-window vents.
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through winter nights helps cool the house through summer after-noons.
Therefore, as noted by the Department of Housing and UrbanDevelopment (HUD),5 the best passive solar design is not an add-onitem. It involves the whole structure. It is embedded in the archi-tectural concept of the structure before the foundation is dug, or-in the case of a manufactured mobile home, before the assemblyline is laid out.

B. Known Resources and Reserves
Elsewhere in this study, solar resources and reserves are de-scribed as inexhaustible in principle, since they come from the sun.The practical limit on using energy from the sun is described inother chapters as arising from the quantities of materials, equip-ment and facilities available for the use of solar energy-not asarising from the nature of solar energy or the sun itself.The present chapter defines the "known resources and reserves"of passive solar energy for home heating and cooling in terms ofthe "facilities available" in the form of homes to be heated (orcooled). The concept of treating energy saved through conservationor solar displacement as energy "produced" by conservation orsolar techniques is accepted in conventional practice and needs nojustification here. The resources of energy available from passiveheating and cooling of homes are defined here as the flow of energywhich would be required in home heating and cooling, if passivesolar technology were not employed. The known reserves of passivesolar energy are defined here as that flow of energy which theoreti-cally could be conserved by application of passive solar technologyto all homes constructed in the future, as well as (to the extentpossible) through retrofit or replacement of all existing homes.The United States used 78 quads of primary energy in 1978.6 Ofthis total use about 8.6 quads was used for the final purpose ofspace heating of residences.7 As defined above, the resources ofpassive solar energy for home heating are therefore 8.6 quads peryear. The energy reserves available in principle from passive solarhome technology will be seen subsequently in this section to be alittle less than 8.6 quads annually.

In the conventional home, about 5 percent of the total require-ment for space heat is met by direct and indirect sunlight. Thesunlight enters the home through windows, even though the win-dows have not been designed primarily for solar heat collection.We assume that the U.S. housing stock in 1978 approximated, onthe average, the performance of the conventional home. Then the8.6 quads of primary fuel used to heat U.S. homes in 1978 wouldaccount for about 95 percent of the total space heat input. Thetotal space heat input would be about 9.0 quads, 5 percent fromsunlight and 95 percent from fuel.

Op. cit., p. 2.
:U.S. Energy Information Administration. Annual Report to Congress, 1978. Vol. 2. Washing-ton, U.S. Government Printing Office 1979, 202 p. The total energy consumption figure appearson p. 3 and p. 7.
7Resources for the Future. Energy in America's Future: The Choices Before Us. Baltimore,The Johns Hopkins University Press. 1979, 555 p. The residential space heating figure appearson p. 127.
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The Department of HUD estimates that an average energy effi-
cient home would get about 10 percent of its heat from direct solar
gain, and about 90 percent from conventional fuel. Although the
amount of heat gained by sunlight coming through the windows is
the same as in the conventional home, since the total heat input
required is about half that of a conventional home, the heat
coming in the windows is 10 percent rather than 5 percent of the
total.

According to HUD, the average sun-tempered home requires
about the same total heat input as the energy efficient home, but it
gets 25 percent, instead of 10 percent, from the sun. So about 75
percent instead of 90 percent of its heat comes from fuel.

The average passive solar home-as a consequence of its greater
mass of masonry, sand, gravel or water-uses the sunlight it re-
ceives more efficiently than the sun-tempered home. Although the
passive solar home requires as much total heat input as the sun-
tempered and energy-efficient homes, it gets 75 percent of its total
heat from sunlight falling upon the thermal mass-in which it is
stored and from which it is released during the night.

Retrofit tightening of the thermal envelope and retrofit sun
shading and sun opening of existing homes are not contributions
unique to passive solar energy, as defined by HUD. They are,
however, energy conservation steps which on a national scale are
appropriate for first action, just as design of a tight thermal enve-
lope, and provision of openings to the sun, and sun shading, are
initial prerequisites in an individual passive solar home. If the
Nation is to make substantial use of passive solar energy to reduce
its consumption of fuel, one may think of the national stock of all
homes as a passive solar designer thinks of a single passive solar
home: All homes meeting minimum standards for human habita-
tion have a thermal envelope. The thermal envelope may range
from very poor to very superior. Many homes recently built in the
United States fall far below their maximum cost-effectiveness po-
tential in terms of reducing the need for conventional home heat-
ing through insulation, sealing, caulking, storm windows, shutters
and other small features and "fixes." 8 At least two studies con-
clude that total residential space heating requirements can be re-
duced by about 50 percent through energy efficiency measures
alone.9

Table 5 shows that if such energy efficiency in the U.S. housing
stock were accomplished, residential space heating requirements
would be about halved, from 9.0 quads annually to 4.5. If the
housing stock could on average achieve the HUD performance
definition of the sun-tempered home, the annual contribution from
sunlight would be increased by 0.7 quads. If the housing stock were
made finally to reach, on the average, the performance of a "pas-
sive solar" home, the additional heating from the passive solar
features would be about 2.2 quads. This is the maximum theoreti-
cal contribution; it could be approached only by replacement of
most of the existing housing stock. The rate at which these technol-
ogies may be phased in is discussed in section IV. The maximum

8 For example see Energy and Buildings, vol. 1, No. 3, April 1978: 201-343.
9 Stobaugh, Robert, and Daniel Yergin, ed. Energy Future. [Report of the Energy Project at

the Harvard Business School.] New York, Random House. 1979. 353 p. See p. 170 and footnote,
72, p. 312.
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theroretical contributions from the steps leading to passive solar
energy are summarized in Table 5. The incremental annual savings
tabulated in column 1, and the cumulative annual savings tabulat-
ed in column 2, are the reserves available from use of these tech-nologies. The outer bound of these reserves is 7.4 quads per year.
TABLE 5.-SUMMARY OF KNOWN RESOURCES AND RESERVES AVAILABLE FROM STEPS LEADING TO

A PASSIVE SOLAR HOUSING STOCK
[In quadrillion Btu'sl

Incremental Cumulative Convention Annual Ttal hannual annual al fuel Anuala Ttr hasaving saving anua heating input

Conventional housing stock (1978 fuel use). . . ............................................................................ 8.6 0.4 9.0Energy efficient housing stock............................................................. 4.5 4.5 4.1 0.4 4.5Sun-tempered housing stock .. . ............................................................. 0.7 5.2 3.4 1.1 4.5Passive solar housing stock................................................................. 2 .2 7.4 1.2 3.3 4.5

C. Current Contribution to U.S. Energy Supplies

At present, passive solar technology has barely begun to pene-
trate the new home market in the United States. Although home
builders across the Nation have entered the market with energy-
efficient homes or sun-tempered homes, the truly passive solar
home represents probably no more than a few hundred of the 2million or so new homes built annually today.

D. State-of-the Art

The basic principles of passive solar technology as applied tohomes have been known for centuries. The U.S. Pueblo Indians, forexample, constructed multi-tiered villages of hardened mud (adobe),
sheltered from the summer sun by overhanging cliffs. These vil-lages provided shading from the high summer sun, heating fromthe low winter sun, and thermal mass to extend the night coolness
into the summer day, and the winter sun/warmth into the coldnight. So, passive solar homes do not await the result of any
crucial laboratory experiment, or any first-of-a-kind pilot plant ordemonstration plant; rather, passive solar home design can be ac-
complished with existing common materials and ordinary construc-tion skills.

Interest in passive solar homes is rising throughout the Nation.
For example, in the summer of 1978, in response to a call by HUD
for designs for passive homes, over 550 applications were submit-ted. Of these, 162 designs from 31 states were selected for awards-
145 for new homes and 17 for "retrofit" installation of sun-temper-
ing or passive solar elements on existing homes. Eighty of thewinning home designs were being built for sale on the open market
by builders who believed that passive solar designs would sell.Recent technological developments have increased the potential
contribution of passive architecture for the 1980s, compared to its
contribution to stone-age cultures. These developments include theuse of computers and programmable hand calculators to helpcreate designs, and to check the performance of designs. With
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renewed interest in passive solar design arising in the context of
more expensive conventional fuels, rapid computation methods can
speed both the evolution and the transfer of passive solar design
technology.

The increased sophistication and variability of passive structures
made feasible by such high speed computation methods-and de-
tailed knowledge of the physics of energy flows throughout a build-
ing structure-make the decentralized technology of passive solar
energy more practical for modern buildings than when such con-
ceptual mastery of the thermal behavior of buildings was unavail-
able.

II. PROSPECTS OF REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development

As indicated above, passive solar design is a technology which is
available now; its utilization does not depend on the creation of
any fundamental new scientific knowledge. Also, as indicated
above, other technologies available now can help speed its evolu-
tion and transfer. Applied research and development have however
in recent years produced a few new aids to passive solar design.
For example: new material applications. Such innovations can be
incorporated in new designs however as they become available,
whether from industrial R and D, or from government-sponsored R
and D. No new materials are required to make a cost-effective
contribution from passive solar energy possible. Cost-effective pas-
sive solar energy is possible now.

B. Demonstration

The National Solar Heating and Cooling of Buildings Program,
managed by the U.S. Department of Energy, has been under way
now for over five years. As part of this program, HUD administers
the residential demonstration, residential market development,
standards development, and information dissemination activities.
In the demonstration portion of the program, HUD has funded
solar systems of all types in over 12,000 dwelling units through
more than 400 grants.' 0 Passive solar energy grants in fiscal year
1979 consisted of 105 construction grants. These grants included 91
grants for 91 new single family units, and 14 grants for passive
solar energy retrofits in multifamily buildings involving 233 units.
Total U.S. funds committed were $1.5 million. There were no
grants for passive solar energy in fiscal year 1980 and none are
planned for fiscal year 1981.1 The Department of Energy fiscal
year 1981 budget for passive solar energy is $33.4 million-follow-
ing presidential amendment and House action to August 14, 1980.

C. Commercialization

The passive solar market began with a small number of unortho-
dox designers and builders, many of whom were not concerned
with the wide-scale marketability of their final products. Many

10U.S. Department of HUD. Op. Cit. Foreword, "To The Reader," by Donna E. Shalala.

e1 Information on passive solar energy grants was obtained from HUD, Office of the Assistant

Secretary for Policy Development and Research.
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were building homes for themselves. By trial and error, they ex-plored numerous ways to build homes of common and often indig-enous materials which were heated directly by the sun. As theseearly prototypes proved very successful, additional builders whowere searching for a low-cost and direct approach to solar homeheating adopted passive design. To support this growing industry,reliable testing and simulation methods were developed by several
engineering research centers, including the Los Alamos Scientific
Laboratories in New Mexico. Their findings further documented
the positive results of early prototypes.

With the groundwork now laid for an expanding passive home-building industry, the challenge now rests with individual home-builders to adapt these trial designs in ways that are attractive tothe market at large. While the additional costs, and the cost-effectiveness, of passive solar energy will vary with geography andarchitecture, the technology does not appear to require capital orlabor of unique kinds. However, while the materials used and theconstruction skills of the homebuilding labor face need change verylittle, decisionmakers at all levels of the homebuilding industry
will need to learn much more about passive solar energy. Thesedecision makers include municipal councils and managers, finan-cial institution executives, and building and housing inspection
forces.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

A. Technical

As described above, no R. &. D. appears necessary as a prerequi-site to the mass marketing of passive solar homes, so apparently
there are no major technical obstacles to the demonstration andcommercialization of the technology. Probably, innovations in ma-terials available for passive design will continue to appear on the
market from time to time. As a large market for homes of passivedesign appears, manufacturing firms may possibly be induced tocommit new funds to research on materials specially adapted tothis market. However there are no apparent "gaps," where materi-als of specified properties are required, but not yet developed, sopassive solar applications should not be impeded by any intractable
technical or materials problems.

B. Economic

The economic obstacles or advantages of passive home design andconstruction vary to some extent with geography; with climate;with local costs of insulation, multiple-pane glass, masonry, andother materials; and with labor in relation to local costs of conven-tional fuels. But the range of design possibilities, and the range ofraw materials which can be converted to (for example) masonrywalls, tends to ensure that some passive features will be feasible inalmost every State. For example, climates which have snow coveron the ground throughout the heating season have an increased
availability of solar heat through south-facing windows because thebrilliant white ground cover can reflect sunlight upward toward

71-990 0 - 81 - 9
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interior ceilings, and this climatic feature can offset the increased
heating needs of homes in cold climates.

C. Environmental and Social

Because the use of passive solar design generally reduces the
need for conventional fuels, the environmental effects of this tech-
nology generally range from benign to beneficial. However, the
effects of drastic reduction in air infiltration rates upon interior air
pollution levels are still being studied.'2 Of course, a single home of
visually dissonant features may sometimes be proposed or con-
structed in a community which finds it unattractive. But such
occurrences are not unique to solar home design. On the other
hand, communities which are designed around a solar visual "es-
thetic" can be perceived by their residents as subjectively attrac-
tive and socially unifying. Overall, the environmental and social
obstacles to passive solar home design appear therefore to be slight.

D. Political

Political obstacles to passive home design however may be more
difficult. Among these obstacles are the building codes which are
established at the level of municipalities-by cities, counties, and
towns acting as subsidiaries of individual States. In many instances
building and housing codes written for a world of cheap fuel are
obstacles to the best principles of passive solar design. For exam-
ple, the health and safety objectives of such codes often lead to
specifications for the number and placement of vents for kitchens
and bathrooms, and for size and placement of windows. These same
objectives often may be accomplished in good passive designs by
means other than those required by the codes; however, inflexible
code specifications of the means by which health and safety objec-
tives shall be accomplished could impede passive solar projects
until such codes are changed. The number of municipal legislative
and regulatory councils which will have to be "sold' on the need
for code amendments suggests that the political obstacles to passive
solar home construction may be both grave and persistent.

One promising development regarding political obstacles is the
Federal Government initiative to institute national Building
Energy Performance Standards (BEPS) which would establish
annual energy budgets for buildings of new design, based on the
building's size, function, and the climate in which it is located.
These standards have been under development since 1974. The idea
was given legal substance in the 1976 Energy Conservation and
Production Act, and the proposed standards were unveiled by the
Department of Energy on November 19, 1979. Although such stand-
ards would not of themselves require passive design, they would
establish ceilings on fuel consumption for buildings to be designed
in the future. They would therefore push building designers and
builders toward using passive features as one way to meet the fuel
consumption standards. The American Society of Heating, Refriger-
ating and Air Conditioning Engineers (ASHRAE) however opposes

"1 U.S. Congress. Office of Technology Assessment. Residential Energy Conservation-Volume
I. Washington, U.S. Government Printing Office, 1979, 355 p. See chapter X., Indoor Air Quality.
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Building Energy Performance Standards.l3 While either the
ASHRAE or the BEPS approach to building codes or standards
would result in uniform regulations across the Nation, the conflict
between the two approaches is a second example of a political
obstacle.

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990

Studies citied earlier and illustrated in Table 5 indicate that
perhaps 4.5 quads per year could be saved through retrofits to
make the existing housing stock "energy efficient." From 1980
through 1989 about 20 million or more new homes of all kinds may
be built; (21.4 million were built from 1969 through 1978). If the
new units are built to the standard of "energy efficiency," they will
consume only 1.0 quads annually from 1990 onward. So, by achiev-
ing energy efficiency in the housing stock through retrofit of old
units and construction of energy efficient new units, 100 million
units could be heated in 1990 with fuel use 3.5 quads less than
required for 80 million homes in 1978. It appears then that even
though the number of homes may increse by about one-fourth in
ten years, 3.5 quads of annual fuel consumption could be released
from residential use for other purposes, even while this growth
occurs. However, the 3.5 quads released do not come from passive
solar energy. They come from achieving only energy efficiency in
the housing stock. The saving which might arise from use of pas-
sive solar design is a saving which is over and above that from
energy efficiency.

Could the 1978 housing stock be retrofitted to an average per-
formance exceeding "energy efficiency?" We assume that some of
the homes in that stock could be fitted with features which would
provide limited heating of the sun-tempering and passive type.
However we assume also that some others of the homes in that
stock would not be capable of retrofit even to the lesser level of
energy efficiency. So it seems imprudent to conclude that existing
homes on average could reach beyond energy efficiency to sun-
tempered or passive-solar perfomance. We therefore conclude for
the sake of the following argument that any major contribution
from passive solar energy as such can come only from homes yet to
be built.

What is the maximum feasible proportion of the 20 million new
homes to be built from 1980 through 1989 that could incorporate
sun-tempering and passive solar design elements in addition to the
basic element of energy efficiency? No one really knows the answer
to this question. Since energy efficiency requires only furnace and
thermal envelope efficiency-and these are ideas easily understood
by most housing industry decision makers, including buyers-it
seems likely that the obstacles to energy efficiency could be over-
come in ten years. But sun-tempering and passive solar design are
less easily understood by many housing decision makers. If all of
the homes were constructed to passive design standards, the total

""Battle Brews Over Best Conservation Approach," The Energy Daily, vol. 7, No. 227,
November 29, 1979: 4; "Architects Protest BEPS Delay," Engineering News-Record, May 29,1980: 10.
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saving in 1990 over energy efficiency standards would be about 0.7
quads. 14 But such a construction achievement is impossible. It
seems more reasonable to expect that by 1989 the entire new
annual contribution to the housing stock could, on the average,
meet the fuel consumption standard for a passive solar home. If
full application by 1989 of passive design methods known now were
approached in a linear way (a constant rate of approach in each of
ten years) the annual energy saving in 1990 by the new homes,
beyond the assumption of their energy efficiency, would be (as
shown in the last column of table 6) about 0.4 quads.

TABLE 6.-HYPOTHETICAL ENERGY CONSUMPTION CONSEQUENCES OF CONVERSION TO PASSIVE
SOLAR HOMEBUILDING, 1980-89

[Energy in quads]

Annual energy consumption by new homes (1990)

New homes ~~~~~~~~~~~~~~~~~~~~And. the

Homebulifin year 1980-89 If all new If all new If energy And passive The total saving,
Homehuildieg year (cumulative) homes built homes built efficient home- solar home- energy compared to

(millions) are energy are passive building is I Idins consumption onengyefficient phased 0 A s~~4 i of all the new efficient
efcet solar phsdout in homes is hometbuilding

only, is

1980 ............ 2 .102 .028 .092 .003 .095 .007
1981 ............ 4 .205 .056 .174 .008 .182 .023
1982 ............ 6 .307 .083 .246 .017 .263 .044
1983 . ............ 8 .410 .111 .308 .028 .336 .074
1984 . ............ 0 .512 .139 .359 .042 .401 .111
1985 ............ 12 .615 .167 .400 .058 .458 .157
1986 ............ 14 .717 .195 .430 .078 .508 .209
1987 ............ 16 .820 .222 .451 .100 .551 .269
1988 ............ 18 .922 .250 .461 .125 .586 .336
1989 ............ 20 1.025 .278 .461 .153 .614 .411

B. Contribution by 2000 or Beyond

The ultimately feasible contribution to U.S. energy supply, of
homes designed with all of the features of passive solar homes, is
shown in Table 5, column 2, "Cumulative Annual Saving." This
column indicates that the 80 million homes in the 1978 housing
stock represent an energy resource which if exploited to fullest
potential-might yield an annual fuel saving of 7.4 quads compared
to the 8.6 quads used to heat those homes today. This potential fuel
saving of more than 80 percent consists of 4.5 quads saved through
energy efficiency measures, 0.7 quads through sun-tempering, and
2.2 quads through passive solar heating features. Achievement of
this "ultimately feasible contribution" would require essentially.
complete replacement of the current housing stock. It seems un-
likely that this could occur until very well into the 21st Century,
although retrofit to achieve energy efficiency could be undertaken
at any time, and some such activity is underway now.

If by 1989, as assumed in IV-A, the entire new annual contribu-
tion to the housing stock meets the fuel consumption standard for
a passive solar home, and if another 20 million new homes were

14 Energy efficient homes get 90 percent of their heat from fuel; passive solar homes get 25
percent of their heat from fuel. Passive solar homes therefore save (90-25)/90 of the 1.0 quads
used by 20 million energy efficient homes.
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built from 1990 to 1999 inclusive, these would add in the year 2000
an additional saving of about 0.7 quads each year to the 0.4 quads
per year saved by the 20 million new homes assumed to be built
from 1980 through 1989 (during the period in which passive home-
building is assumed to be phased in). Thus, the total energy saving
of the 40 million new homes assumed to be built between 1980 and
1999 would be about 1.1 quads in 2000, and in each year thereafter,
compared to 40 million new energy efficient homes.



PHOTOVOLTAIC ENERGY CONVERSION *

SURVEY OF THE CURRENT SITUATION

A. Description of the Technology

1. THE PROCESS

Of the various solar technologies for converting sunlight into
electricity, one of the most appealing is photovoltaic conversion via
devices called solar cells. Solar cells convert sunlight directly into
electricity. The process requires no moving parts, no prior conver-
sion to heat, and need not be based on exotic or strategic materials.
The basic scientific principles governing photovoltaics are well
known and the technology for specialized uses is relatively ad-
vanced.

2. TERMS
The critical component in all photovoltaic systems is the "array"

that collects and converts sunlight to electricity. The array is com-
posed of a number of electrically interconnected sealed panels, each
of which contains many individual solar cells. The remaining com-
ponents making up a "photovoltaic system" are referred to as the
'balance of system (BOS)" and include power conditioners, a stor-

age element (batteries or a utility tie line), controls, and structural
members, all of which are within the state-of-the-art.

3. MODE OF OPERATION

Receiving arrays of any size can be readily assembled by adding
together any number of panels. Consequently, photovoltaics can
offer considerable flexibility in applications and may be of value to
a wide range of users.

Arrays are of two basic types: flat plate and concentrating. Flat
plat arrays absorb sunlight as received. Concentrating arrays use
lenses or reflectors to focus and concentrate solar radiation onto
the cell area. Since the per unit area cost of the concentrator
component is currently one-third lower than the unit area cost of
typical solar cells, the cost of a photovoltaic panel might be re-
duced for some applications if expensive photovoltaic cell area is
replaced by relatively inexpensive reflector or lens area.

4. MARKETS

Present and future markets for photovoltaic power systems have
been identified in both off-grid and grid-connected applications. The
current market is limited to off-grid applications with power re-
quirements of a few hundred watts or less (for example, signal
devices and communications relays). For this market, the photovol-
taic device is usually sold as part of a complete "system" to operate
independently of a utility grid.

'Prepared by J. Glen Moore, analyst in energy technology.

(128)



129

Near-term domestic markets will probably be limited to photovol-
taic systems for such tasks as pumping irrigation water in remote
areas, some area lighting, and special Department of Defense and
other Federal applications. A photovoltaic market for utility grid-
connected, privately owned residences could begin in the mid- to
late-1980's if DOE achieves its 1986 price reduction goal of installed
costs leading to electricity selling for 6 to 10 cents per kilwatt-hour
in new U.S. residences. DOE is increasingly confident that the goal
will be achieved and that new homes will be the first domestic
photovoltaic market to displace significant amounts of energy from
conventional sources. I

Developing -countries which do not have well-established grid
systems .are expected to be an important near- and mid-term
market for U.S. photovoltaic systems for a variety of remote power
applications. Photovoltaics will compete in the off-grid market with
batteries, thermal electric propane generators and small diesel or
gasoline generators. DOE expects significant penetration of the
market in developing countries following the achievement of its
1982 price reduction goals.2

The longer-term market for grid-connected photovoltaic power
consists of two distinct segments: (a) distributed applications which
are connected to a utility grid, and (b) electric generating facilities
operated by utilities. Distributed applications include private resi-
dences, commercial and industrial establishments, and institutions
such as schools and hospitals. It is generally assumed that distrib-
uted applications would operate with no on-site storage, using the
utility grid for back-up.

For utility applications, photovoltaic systems could be installed
on either central stations or on a distributed basis in neighborhood-
size units. In either case, the utility would probably use the photo-
voltaics in a fuel-saver mode with little or no energy storage capa-
bility.

B. Known Resources and Reserves

1. DIURNAL CYCLE

Solar energy is essentially inexhaustible, but the cyclic nature of
the resource can limit photovoltaic applications. The peak output
of a solar cell occurs at noon on a clear day, with the sun's rays
perpendicular to the array. At most times, then, the array output
is less than its peak value and at night there is no output. One
peak watt of solar cells delivers 4 to 5 watt-hours of electricity on
an average day. Thus, to provide one continuous watt of output
from a photovoltaic system requires the installation of about five
peak watts of cells plus battery storage.

2. MATERIALS

The photovoltaics industry competes with the semi-conductor in-
dustry for supplies of solar-grade silicon. The current demand for
this material has stretched worldwide production capacity to the

I Testimony of Dr. Bennet Miller, DOE Deputy Assistant Secretary for Solar Energy (Desig-nate). 1981 DOE Authorization. Hearings before the Subcommittee on Energy Development and
Applications of the House Committee on Science and Technology. Feb. 29, 1980.

2 Ibid.
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point where there is some concern that the near-term development
of the photovoltaics industry may be affected.3 But, this is a pro-
duction problem rather than a materials problem. There are no
anticipated long-term materials problems associated with solar cell
arrays since the material of choice (at this time) is silicon-one of
the most abundant and easily obtained elements in the earth's
crust.

C. Current Contribution to U.S. Energy Supplies

Sales of photovoltaic power systems for terrestrial applications
began in the mid-1970's. High costs limit the current market to off-
grid applications. Nevertheless, the Department of Energy (DOE)
estimates that, by the end of 1979, approximately 1.5 to 2 peak
megawatts (cumulative) of photovoltaic arrays will be installed in
the United States and nearly 3 megawatts will be installed world-
wide (including U.S. installations). Assuming that 2 peak
megawatts are installed in the United States, and that the average
daily output of each peak watt is about 4 watt-hours of electricity,
the total installed capacity of solar cells in the United States will
generate 2.9X109 watt-hours of electricity per year. This level of
output is negligible in comparison with 1979 total U.S. output of
2.3x1015 watt-hours. A powerplant consumes about 10 Btu's of
energy to generate one watt-hour of electricity. Consequently,
29x109 Btu's are required at the powerplant to generate 2.9X109
watt-hours of electricity. With 5.8 X 106 Btu's available in each
barrel of oil, in one year a powerplant would consume the energy
equivalence of 5,000 barrels in order to generate the electricity
produced by the current U.S. inventory of solar cells (assuming a
maximum number of cells have been installed and that each is
operating normally). Therefore, at best photovoltaics saved the
energy equivalence of 5,000 barrels of oil in 1979.

D. State-of-the-Art

The photovoltaics industry is in its infancy. In fiscal year 1979
the total U.S. market for photovoltaic arrays was 2 megawatts
(Mw).4 Commercial applications are limited to small, remote, un-
manned sites (microwave repeaters, corrosion protection, etc.).

Over 100 companies are now engaged in some aspect of photovol-
taic research, development or sales.5 The commitments of these
companies range from production and sale of photovoltaic arrays to
participation in Federally funded R. & D. Only 10 are engaged in
the commercial production of single-crystal silicon solar arrays, two
others have set up pilot production lines for cadmium sulfide (CdS)
arrays and expect to be in commercial operations soon. One of the
10 silicon array manufacturing facilities has recently been auto-
mated with a production capability of approximately 2 Mw per
year.6

3 Manufacturers look to government for assistance in developing market. Solar Engineering.
October 1979: 26.

4 Photovoltaic Energy Systems. Program Summary. DOE. January 1980, p. 6.
r Photovoltaic Procurement Strategy: An Assessment. Solar Energy Research Institute.

Review Draft. June 1979.
G Op. cit.
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Other candidate solar cell technologies are in various stages ofR. & D. Prototype production facilities for polycrystalline siliconand thin-film cadmium sulfide are now being constructed. Othertechnologies such as thin-film amorphous silicon, polycrystalline
gallium arsenide, and advanced concentrator materials will require
substantial research progress before commercial production can beanticipated.

No large automated facilities exist for the fabrication of solar
cells of any kind. Cells are currently fabricated in a highly labor-intensive batch process. In some sense, this technology is obsolete
and it is unlikely that any additional production capacity of thistype will be added.

At this time there are no integrated facilities dedicated to themanufacture of BOS equipment such as batteries, battery chargecontrollers, voltage regulators, or D.C. to A.C. converters. Whilesuch dedicated manufacturing facilities would reduce costs andimprove the quality of equipment designed for photovoltaic applica-
tions, they do not now represent economically justified invest-ments.

The cost of commercial silicon arrays and systems has declined
steadily over the past several years, but is still prohibitively highfor all but the low-power, remote applications market. In largeorders, silicon arrays, which cost $25 to $30 per peak watt in 1976,are being sold for as low as $6 per peak watt today; 7 the installed
cost of complete systems has decreased from $50 to $60 per peak
watt in 1976 to $16 to $20 per peak watt in 1979.8

E. Current Research and Development
Since the mid-1970's, the basic strategy of the Federal Photovol-

taic Program has been to reduce the costs of solar cells. To accom-
plish this, DOE, and previously ERDA, have been researching anddeveloping various photovoltaic technologies. The principal avenue
of research has been the Technology Development Subprogram,
which is aimed at lowering the cost of photovoltaic devices bydeveloping, among other things: (a) new ways of producing materi-
al used in solar cells, (b) new and cheaper processes for fabricating
solar cells, and (c) new automated processes for connecting andmounting the cells on a backing material and then assembling
individual cells into arrays. Other avenues include research in (a)advanced materials/cells, (b) high-risk R. & D., and (c) basic studies.
The fiscal year 1980 budget request totals $160.6 million.

1. TECHNOLOGY DEVELOPMENT

This subprogram attempts to reduce the cost of manufacturing
cells, arrays and other photovoltaic system components. The initial
emphasis has been on the two principal array technologies, flat-plate arrays (single-crystal and polycrystal silicon), and concentra-
tor subsystems employing several types of cell assemblies. In fiscalyear 1980 DOE will undertake expanded efforts to reduce the costof thin-film materials such as cadmium sulfide and amorphous
silicon. Increased effort on BOS cost reduction is scheduled to be

7Photovaltaic Energy Systems. Program Summary. DOE. January 1980.
8 Testimony of Dr. Bennett Miller, op. cit.
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the most important new thrust of fiscal year 1980. Nearly all of the
budget growth in the Technology Development Subprogram will be
in BOS cost reduction (see III, A.3).

The work on flat-plate silicon arrays is being carried out in the
Low-Cost Solar Array (LSA) project. This project is addressing all
steps in the array production process. The DOE has set specific
goals for each of the following steps: (a) production of raw polycrys-
talline silicon of adequate purity; (b) creation of single-crystal
wafers on sheet material; (c) encapsulation; (d) cell fabrication; and
(e) high-volume automated array assembly.

In the case of concentrating systems, the technology development
effort has two main thrusts. The first is directed toward developing
designs, choosing materials and defining fabrication techniques
which will lead to low costs for concentrating systems. The second
is aimed at the development of solar cells capable of operating in
concentrated sunlight at high efficiency.

2. ADVANCED MATERIALS/CELL RESEARCH

This subprogram moves promising cell technologies through the
exploratory development phase. The objective is to make advanced
cell options more viable as technical and cost competitive alterna-
tives to flat-plate single-crystal silicon. Cadmium sulfide, gallium
arsenide, amorphous silicon and polycrystalline silicon are the key
materials being studied by DOE.

3. HIGH-RISK R. & D. RESEARCH

Efforts in this area are directed toward those materials and
concepts which are perceived to have a high risk for achieving the
goals of the Photovoltaic R. & D. Program, but which offer signifi-
cant potential for substantial improvements in efficiency or cost
reduction.

4. BASIC RESEARCH

This activity includes studies of basic mechanisms, tests and
measurements, and the screening of materials in support of other
Federal photovoltaic subprogram efforts.

F. International Activities

A number of industrialized countries, including the Soviet Union,
Japan, France, and Germany, have been actively involved in the
development of photovoltaic devices for terrestrial applications
since the early 1970's.9 These and other industrialized nations are
competing today with the U.S. photovoltaics industry to establish
photovoltaic markets in the developing nations. Five international
markets for photovoltaic systems have already emerged. These are
for consumer products, anticorrosion equipment, microwave repeat-
ers, remote telemetry, and navigational and warning equipment.
However, the major potential foreign markets are for water pump-
ing and village power systems, and these have not yet been exploit-
ed.

9 Solar Energy Activity Abroad. Electronics, May 22, 1972, p. 68.
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Assessing the competitive environment for American photovol-
taic manufacturers, a DOE study 10 indicated that (a) U.S. manu-
facturers are not aggressive exporters; (b) comparisons of research,
development and institutional supports and incentives for United
States, European and Japanese firms suggest that although the
United States leads in technology today, it lags by a matter of
years behind the Europeans in demonstrating and promoting pho-
tovoltaic applications in developing countries-there are 18 demon-
stration projects sponsored by European countries and only two by
the United States; (c) export support and incentives from European
and Japanese governments are demonstrably more effective than
those of the United States; and (d) American photovoltaic firms
have failed to develop a marketing infrastructure abroad, particu-
larly in less-developed countries, a situation which places them at
an initial disadvantage with their European and Japanese counter-
parts.

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development

A review of research opportunities and other aspects of photovol-
taic energy conversion (primarily for central station applications)
was conducted for DOE and the Office of Science and Technology
policy (within the Executive Office) by a study group of the Ameri-
can Physical Society. A principal conclusion of the group was that
a long-term and innovative Federal R. & D. program in photovol-
taics is needed which must include:

(a) The search for and development of new photosensitive materials;
(b) Basic research on the interfacial phenomena that control photovoltaic conver-

sion;
(c) Investigation of non-biological methods for direct production of fuels from

sunlight; and
(d) Development of novel photovoltaic technologies or devices (for example, bubble

concentrators, encapsulants for flat plate cells, and noncell related structural mate-
rials) to aid in identifying the critical materials problems limiting performance and
cost.1 1

In addition, the group identified research opportunities in several
specific areas:

1. SILICON TECHNOLOGY

Silicon-based photvoltaics is the reference technology for both
flat plate and concentrator systems. The performance of these cells
currently falls below theoretical limits for reasons that are not
adequately understood. Innovations in cell design and processing
technology might lead to improved efficiency and lower costs.

2. CONCENTRATORS AND HIGH EFFICIENCY CELLS

A promising approach to competitive photovoltaic power in the
near-term is the use of concentrators and high efficiency cells.
Recent concentrator designs suggest a possibility of substantial
reductions in structual costs, particularly at high concentrations,
and there are a number of possible ways of making cells with

IO Export Potential for Photovoltaic Systems. Prepared for DOE by the Pacific NorthwestLaboratories. DOE/CS-0078, April 1979.
X X Principal Conclusions of the American Physical Society Study Group on Solar Photovoltaic

Conversion. January 1979.
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efficiencies of 25 percent or more. Such cells, although too expen-
sive for flat plate systems, might be suitable for concentrator sys-
tems.

3. THIN FILMS

Thin film solar cells could form the basis of an inexpensive
photovoltaic technology. (In the photovoltaic filed the term "thin
film cells" refers to cells in which the active layers have been
deposited or formed on an appropriate substrate, as opposed to
crystalline cells which are usually manufactured by slicing thin
wafers from a crystal ingot.) Work to develop this potential for low-
cost power generation will include the search for new materials
and research to explore basic phenomena in thin films.

B. Demonstration

1. RESIDENTIAL APPLICATIONS

Following a survey of selected aspects of DOE's photovoltaic
program, the General Accounting Office (GAO) identified a need to
initiate a limited number of well-controlled experiments in residen-
tial photovoltaic applications.' 2 The GAO noted that several stud-
ies performed for DOE have stated that the residential sector
should be an important early market in which photovoltaic energy
systems can become competitive as an energy source-assuming
DOE's cost reduction goals are met. Since residential applications
of photovoltaic energy systems are not being funded, there is virtu-
ally no data available regarding the operation of such systems.
Because residential uses of photovoltaic energy systems might be
an important early market, GAO concluded that it is important to
have operating data on how well systems work in that setting. A
limited number of controlled experiments undertaken now would
make data available by the mid-1980's when such systems are
expected to become competitive with other energy sources. The
GAO called for a redirection of funds in the proposed 1980 budget
to initiate these experiments.

The DOE commenced operation of a photovoltaic Residential
Experiment station in Boston in fiscal year 1980 and has begun to
take bids for a Southwest Residential Experiment station. These
two stations should facilitate deployment of photovoltaic systems
for residences when the economies of such systems becomes favor-
able.' 3

2. NEED FOR DEMONSTRATIONS AT THIS TIME

With respect to photovoltaic demonstrations (presumably for cen-
tral station applications), the American Physical Society study
group concluded that deployment at this time should be limited to
the scale necessary to generate field engineering and systems
knowledge. It was the group's opinion that until a clear pathway to
the photovoltaic future has been established, efforts to stimulate a
large scale, low cost industry through hardware procurement/dem-
onstration are premature.

2General Accounting Office. Memorandum to the Secretary of Energy, James Schlesinger.
Publication B-178205. Apr. 19,1979.

13 Testimony of Dr. Bennett Miller, op. cit.
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3. FEDERAL BUILDINGS

In fiscal year 1978 authorizations (Public Law 95-238) and appro-priations (Public Law 95-240), and in the National Energy Conser-vation Act (Public Law 95-619), which is part of the NationalEnergy Act, Congress mandated the procurement of photovoltaicsystems for use in Federal buildings as a means of encouraging themass production of solar cells. The Administration has differedwith Congress over the advisability of this approach to commercial-ization. Instead of proceeding with procurements, DOE has delayeda major buy to allow time for a procurement to be designed and toallow further developments in photovoltaic technology. In testimo-ny before the House Subcommittee on Energy Development andApplications, DOE stated that technological breakthroughs, ratherthan procurements, were the key to a major photovoltaicsimpact. 14
C. Commercialization

1. SYSTEMS MARKET

Currently, the photovoltaic industry is commercial. However, be-cause of the availability of low-cost electricity and a well-definedgrid system in this country, the industry is geared for the systems(off-grid) market rather than the bulk power (grid-connected)
market. For the industry, the primary difference in the two mar-kets is that in the systems market the array cost is not critical(since the array is only one of several components representingfrom 30 to 60 percent of the system cost), while in the bulk powermarket the array cost would be the dominant factor. Consequently,the industry is currently more concerned with reducing the cost ofthe system than it is with the array cost. The systems market hasa limited potential for impacting the U.S. energy mix; to have amajor impact photovoltaics must be competitive with grid power.

2. BULK POWER MARKET

The industry must emphasize array cost reductions if photovol-taics is to achieve commercial competitiveness in the bulk powermarket. This will require a redirection in the present industryeffort, and will entail major investments in equipment and process-es which can lead to low-cost, large-scale production. To supportand encourage a shift to the bulk power market, the industry hascalled for Federal economic incentives. Industry has further indi-cated the need for a long-range national commitment to photovol-taics so that it will feel secure in making the necessary investmentin facilities to mass produce solar cells.

3. FEDERAL PROGRAM

The Federal Photovoltaic Program includes a commercialization
component which is intended to accelerate the introduction anddiffusion of a cost competitive photovoltaic industry. The Federalphotovoltaic commercialization plan calls for targeted Federal pur-

"4Testimony of Dr. Bennett Miller, DOE solar program director. 1980 DOE Authorization.Hearings before the Subcommittee on Energy Development and Applications of the HouseCommittee on Science and Technology. Vol. 5. Feb. 26, 1979.
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chases and cost-shared private purchases of complete systems to be
used to: (a) conduct systems engineering and market tests, (b) help
attain requisite economies of scale, (c) promote installer and main-
tenance training, and (d) stimulate and develop market demand.

4. FEDERAL COST-SHARING

To help accelerate commercialization, DOE is considering the
advisability and usefulness of up-front Federal cost sharing with
industry for early silicon material and photovoltaic collector pro-
duction facilities. Although DOE has reached no definitive conclu-
sion on this, a recent report suggests that such an approach may be
desirable, provided proprietary interests of industrial participants
can be protected.' 5 The rapidity with which photovoltaic technol-
ogy is advancing has placed the industry in a difficult position
which could be ameliorated by Federal cost sharing. Technical
progress is being made so quickly that by the time a firm has
invested in a new production line, research may well have found a
superior technology which would render the "new" process obso-
lete. Federal cost sharing may be able to encourage the industry to
make the investments needed to keep pace with technological ad-
vancements.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

A. Technical

1. LACK OF AVAILABLE SYSTEMS AND SYSTEMS EXPERIENCE

Very few systems for intermediate market applications are now
available "off-the-shelf." In general, each photovoltaic system is
custom designed for a specific end use application. Furthermore, to
be competitive in the systems market, manufacturers are frequent-
ly required to have expertise in the end-use markets where photo-
voltaics are employed (for example, irrigation systems, communica-
tions, and cathodic protection). Developing this expertise can be a
timely, costly and limiting requirement.

2. LIMITED AVAILABILITY OF SOLAR-GRADE SILICON

Inadequate supplies of solar-grade silicon could be a near-term
problem for the industry if markets expand and production contin-
ues to increase at current rates. Already, a worldwide shortage of
refining capacity for polysilicon materials has placed the solar
industry in competition with the semiconductor industry for these
supplies. A recent study highlighted the possibility of a severe
shortage of refined polysilicon material in the early 1980s, especial-
ly if a very aggressive photovoltaic commercialization program is
pursued.16 Current suppliers are unwilling to install additional
conventional refinement capacity, because the recent appearance of
new refinement technologies is likely to reduce current prices by a

'5 Photovoltaic Procurement Strategies: An Assessment. Solar Energy Research Institute.
June 1979.

'8 Silicon Materials Outlook for 1980-85. Prepared for DOE by the Jet Propulsion Laboratory.
JPL Document 5230-1. October 1979.
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factor of six, making conventional silicon refinement processes ob-
solete. The possibility of a shortage of refined material just when
the commercialization program is accelerating may warrant a thor-
ough evaluation of options to alleviate such a problem.

3. BALANCE OF SYSTEM

A GAO survey of selected aspects of DOE's photovoltaic program
concluded that DOE has underemphasized the balance of system
(non-array) components of photovoltaic systems.17 The GAO found
non-array costs account for more than half of the total photovoltaic
systems cost. It further found that DOE's cost reduction goals and
corresponding strategies are primarily directed at reducing the cost
of the array itself and not the non-array cost. Achieving cost reduc-
tion for non-array components may be particularly difficult be-
cause components, such as batteries and electrical equipment, are
manufactured by mature industries which in many cases are al-
ready substantially automated. Other non-array costs, such as
those relating to the installation of the device, are labor intensive
with little hope for cost reductions. In GAO's view, the difficulty in
achieving the necessary cost reductions emphasizes the need to
develop cost goals for non-array components and to implement the
necessary strategies to reach those goals. The DOE solar program
officials have recognized this problem and have taken steps to
correct it in the fiscal year 1980 budget. The efforts planned for
1980, however, only represent a first step in developing an overall
strategy for reducing nonarray component costs. The GAO recom-
mended that solar photovoltaic program officials be required to
pursue specific research projects with precise cost reduction goals
for nonarray components.

B. Economic

The limits to photovoltaic system deployment and use, both in
the near- and long-term, are primarily economic. The current
annual market is on the order of 2 Mw per year.' 8 Photovoltaic
systems manufactured in the United States are largely sold in the
international market at a price of $10-$25 per peak watt.'9 The
DOE has formulated a cost reduction plan for photovoltaics which,
if successfully pursued, would lead to systems competitive with
utility-generated power by about 1990.20 According to the plan,
systems costs should be in the $6-$13 per peak watt range in the
1982-84 time frame (expressed in 1980 dollars). At those prices, the
market for photovoltaics will still be dominated by foreign applica-
tions (primarily for village power and water pumping). Applica-
tions in the United States in the midterm would not be economical-
ly justified, except for military and other Federal remote applica-
tions markets. The cost of electricity generated by systems in this
cost range would be 20 to 50 cents per kw hour.

II General Accounting Office. Memorandum to the Secretary of Energy, James Schlesinger.
Publication B-178205. Apr. 19, 1979.

sPhotovoltaic Energy Systems. Program Summary. DOE January 1980.
"Federal Policies to Promote the Widespread Utilization of Photovoltaic Systems. Vol. 11:

Technical document. Prepared for DOE by the Jet Propulsion Laboratory. Preliminary Draft.
November 1979.

0 Multi-Year Program Plan, National Photovoltaic Program. DOE. June 6, 1979.
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By 1986, according to the plan, photovoltaic systems should be
available in the $1.60-$2.60 per peak watt range, with electricity
costing 6 to 12 cents per kw hour. Cost reductions on this order
would be acheived through a major expansion of production capac-
ity using advanced automated facilities and concentrator technol-
ogies. With costs at this level, both foreign and domestic markets
are expected to grow rapidly. For domestic applications, the plan
anticipates that the single-family, new home construction market
will grow at the fastest rate, to be followed by additional residen-
tial, commercial, selected industrial, and, possibly, central station
applications.

The final phase of DOE's cost reduction effort should occur in
the early 1990-2000 time frame with photovoltaic systems general-
ly competitive with foreign and domestic utility-generated power.
Systems are expected to cost $1.10 to $1.30 per peak watt (ex-
pressed in 1980 dollars) and generate electricity at 4 to 9 cents per
kw hour.2 ' At this point DOE planners project an industry com-
posed of a healthy mix of photovoltaic technologies with a com-
bined annual production capacity at nearly 1,000 megawatts or
greater.

C. Environmental

An attractive feature of the photovoltaic technologies is the rela-
tive absence of any release of pollutants at the use site.2 2 The only
significant pollutant is the heat released from the collectors to the
atmosphere. However, the collector and storage subsystems can
present some health and safety problems in the event of accidents
or overheating conditions. Mining and cell manufacturing may
present more severe environmental problems. The potential exists
for a variety of chemical and thermal releases, dependent upon the
type of cell manufactured and the effectiveness of environmental
control technology. The disposal or recycle of defective, broken, and
obsolete cells may also cause environmental impacts which must be
addressed.

D. Social

See: Solar Heating and Cooling of Buildings, III. D.

E. Political

See: Solar Heating and Cooling of Buildings, III. E.

F Utility Interface

Utility grids can provide an inexpensive source of backup power
for photovoltaic systems, thus offering an attractive alternative to
electric storage. The setting of electricity rates for buying and
selling power to utilities is critical to the competitiveness and
deployment of distributed, non-utility owned photovoltaic systems.
The relevant institutions (utilities, municipalities and public utility
commissions) may resist distributed photovoltaic interconnections

21 Testimony of Dr. Bennett Miller, Deputy Assistant Secretary for Solar Energy (Designate).

Hearing before the Subcommittee on Energy Development and Applications of the House

Committee on Science and Technology, Feb. 29, 1980; table 9.
22 Environmental Development Plan [for] Photovoltaics. DOE. DOE/EDP-0031. September

1979.
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through punitive rates or other measures. In those instances whereutilities resist relinquishing their exclusive franchise to produceand sell electrical power, appropriate Federal action under thePublic Utilities Regulatory Policies Act of 1978, or other public
law, may be required.

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990
Photovoltaic power is not expected to make a significant contri-bution to U.S. energy supplies until it is competitive with utility-generated power. According to DOE's cost reduction program plan,photovoltaics should be marginally competitive with utility powerin about 1990. Until that time, domestic markets will be limited tooff-grid applications, primarily for remote DOD and other Federal

agency requirements. Because of limited markets available for pho-tovoltaic systems in the near- and mid-term, the contribution of
photovoltaic power to U.S. energy supplies in 1990 is expected to beon the order of 0.1 quad.2 3

B. Contribution by 2000 or Beyond
The success of the DOE cost reduction program is critically im-portant to the widespread use of photovoltaic systems in 1990 andbeyond. Success will depend upon major scientific and/or techno-

logical advances in both cell and balance of system technologies. Ifthe program stays on schedule and photovoltaic power becomescompetitive with grid power by 1990, a rapid deployent of photovol-
taic systems is expected to follow. Assuming photovoltaics alsoremain competitive with other alternate energy sources under de-velopment by DOE (oil shale, wind, etc.), one DOE source estimates
the energy savings from photovoltaics could be 0.8 quads by theyear 2000.24 If the program is not fully successfully in meeting itscost reduction goals, widespread use in the United States would bedelayed until such time as photovoltaic power becomes competitive
with grid power.

23 Department of Energy Solar Energy Objectives Calendar Year 1980. DOE/CS-0155. April1980, p. 14.
24 Department of Energy Solar Energy Objectives Calendar Year 1980. DOE/CS-0155. April1980, p. 14.
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SATELLITE POWER STATIONS *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology

One problem with using solar energy on Earth is that it is
impeded from falling freely onto the planet's surface by inclement
weather, the diurnal cycle, and the screening effects of the atmos-
phere (on a clear day, the amount of sunlight reaching the ground
is about 65 percent of that above the atmosphere). These restric-
tions have spawned the concept of building devices for using the
greater'.concentration of solar energy above the atmosphere for
operating power plants which generate electricity. The electricity
would then be converted into microwaves, beamed to receiving and

-rectifying antennas (called rectennas) on the surface of the planet,
and reconverted into electricity (there also has been some discus-
sion of usingiasers instead of microwaves for power transmission).
This concept is referred to as a satellite power station or solar
power satellite (SPS).

In January 1979, the Department of Energy (DOE) and the Na-
tional Aeronautics and Space Administration (NASA), which are
jointly studying SPS, published a reference system report on SPS
selecting a photovoltaic-type SPS for further study.' Other types of
SPS (solar thermal, nuclear, thermionic diode, mirrors) had been
suggested and may eventually prove preferable to the photovoltaic
design, but for the purpose of determining the feasibility of SPS,
DOE and NASA selected photovoltaics.

The photovoltaic concept, first proposed in 1968, calls for con-
structing arrays of solar cells in space for the direct .conversion of
sunlight into electricity. 2 Each SPS would consist of two arrays,
each approximately 5 by 10 kilometers for a facility producing 5
gigawatts (5,000 megawatts) of power on the ground, and separated
by a microwave (or laser) transmitter. Larger facilities, producing
10 gigawatts, could also be constructed. The SPS would be placed in
geosynchronous orbit around the Earth, where an object will main-
tain a fixed position relative to any point on Earth (at an altitude
of 35,800 kilometers above the equator). A reaction control system
would be required to maintain the SPS in that orbit. The SPS
would be eclipsed by Earth's shadow for varying lengths of time
each day, but never for longer than 72 minutes at a time, and
totalling about 1 percent of the year. Coupled with expected down
time for routine maintenance, different studies estimate a plant
factor between 80 and 92 percent.

The solar cells could be made of either silicon or gallium-alumi-
num-arsenide (GaAlAs). Silicon solar cells are the type used today,

'Prepared by Marcia S. Smith, specialist in aerospace and energy technology.
1 U.S. Department of Energy and National Aeronautics and Space Administration. Satellite

Power System: Reference System Report. Washington, National Technical Information Service,
1978 (published January 1979). DOE/ER-0023.

2 Dr. Peter Glaser of Arthur D. Little, Inc. originated the SPS concept.
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and some experts expect that silicon cells with an efficiency of 18percent will be available by the time an SPS would be constructed(compared with 11-15 percent efficiency now achievable). GaAlAscells are expected to have a higher efficiency, perhaps as high as 27percent. Mirrors would be used to concentrate the sunlight ontothe solar cells in the GaAlAs system, although they are not neces-sary in the silicon design. The DOE-NASA reference design did notchoose between silicon or GaAlAs cells since each has advantagesand disadvantages, and the agencies felt no choice could be madeat this time. For the purpose of that study, an efficiency of 16.5percent was assumed for silicon cells and 18.2 percent for GaAlAs.Overall efficiency for SPS, from sunlight in orbit to electricity onthe ground, is estimated to be 7.06 percent for a silicon cell systemand 6.97 percent for a GaAlAs cell system.
Each SPS could either be constructed in low Earth orbit (LEO)and then transferred to geosynchronous Earth orbit (GEO), or beconstructed in GEO initially. The DOE-NASA reference designcalls for construction in GEO. All materials for the SPS wouldhave to be taken from the Earth's surface into space for construc-tion, requiring a large number of space launches for both equip-ment and personnel. As many as four separate space vehiclesmight be required: a heavy lift launch vehicle (HLLV) for trans-porting construction material from the Earth to LEO and a cargoorbital transfer vehicle (COTV) for taking the material up to GEO;a personnel launch vehicle (PLV) for carrying crews from Earth toLEO and a personnel orbital transfer vehicle (POTV) for taking thecrews to GEO. The DOE-NASA reference design estimates that fortwo 5 gigawatt SPS's built per year, a silicon cell design wouldrequire 375 HLLV flights, 30 PLV flights, 30 COTV flights, and 12POTV flights; while a GaAlAs cell system would require 225 HLLVflights, 38 PLV flights, 22 COTV flights, and 17 POTV flights.The suggestion has also been made that construction material forSPS's could be mined from the Moon or asteroids, and refined at aspace station located either in Earth orbit or at one of the gravita-tion equilibrium points in the Earth-Moon system (called librationpoints or Lagrange coordinates). This approach would reduce thedrain on the Earth's natural resources and might reduce SPS costsby eliminating the expensive launchings from Earth to orbit, al-though if the costs for the space station and equipment to retrieveasteroids or lunar material are factored in, the total cost for SPSwould very likely increase substantially in this scenario.

B. Known Resources and Reserves
Solar energy is essentially inexhaustible.

C. Current Contribution to US. Energy Supplies
None.

D. State-of-the-Art

The SPS concept is only now undergoing feasibility determina-tion studies. Silicon photovoltaic cells have been used to powerspacecraft for many years, but no arrays the size of those envi-sioned for SPS have been utilized. The United States has no experi-ence in building large space structures in either low or geosyn-
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chronous Earth orbit, nor have orbital transfer vehicles (for person-
nel or for construction materials) or a heavy lift launch vehicle (for
Earth to space transportation of construction material) been devel-
oped. The only element of the space transportation segment of SPS
that is expected to be available soon is a vehicle- for carrying crews
from Earth to low Earth orbit-the space shuttle, which is expect-
ed to become operational in 1982, although it has not flown in
space yet.

E. Current Research and Development

The DOE is the lead agency for SPS studies. The DOE program
is broken down into four areas: environmental aspects, social as-
pects, comparative economics with other electricity sources, and
technology. The DOE is responsible for the first three, while NASA
is responsible for the fourth.

Through the end of fiscal year 1979, the Federal Government
had expended $14.2 million for SPS studies, with $5.5 million ap-
propriated for fiscal year 1980. The goal of the current effort is to
determine whether or not SPS is a viable concept and worthy of
constructing a prototype.

Although Japan and the European Space Agency have indicated
interest in participating in a cooperative SPS development pro-
gram with the United States, neither they nor any other foreign
government is now conducting an SPS program.

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

The earliest estimate by SPS supporters for having SPS on-line is
1995, assuming that all needed funding is provided, while DOE uses
the year 2000 for its reference design. Current estimates suggest
that initial costs for the first SPS will be on the order of $100
billion, with additional 5 gigawatt SPS's costing $11.5 billion. The
SPS concept is still in the feasibility determination phase, and
estimates of required capital, time, and manpower cannot be made
with any certainty. The 1979 NASA/DOE reference design does not
address the question of how much an SPS program might cost.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY

IMPLEMENTATION

A. Technical

In the 1979 DOE/NASA reference design report on SPS, areas in
which critical technology advancements are needed were identified
as follows: microwave power transmission, solar arrays, power dis-
tribution, structures and control, materials, construction, and space
transportation. The DOE concluded in 1980 that "SPS requires no
scientific breakthroughs" but "is recognized as a difficult engineer-
ing development project requiring substantial advancements in
technology in many areas." 3

3U.S. Department of Energy. Office of Energy Research. Satellite Power Systems (SPS)

Concept Development and Evaluation Program: Preliminary Assessment. Washington, National

Technical Information Service, September 1979. DOE/ER 0041, p. 5.
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B. Economic
For systems in the early stage of research and development, suchas SPS, potential economic competitiveness with other electricitysources is impossible to determine. Costs for construction of thefirst SPS and subsequent SPS's, maintenance of each SPS andassociated rectennas, and the date for introduction of the commer-cial SPS's are all unknown. The DOE-NASA reference design as-sumes construction of two 5,000 megawatt SPS's per year for 30years beginning in the year 2000, for a total of 300 gigawatts ofelectricity by 2030. Assuming the most pessimistic plant factorestimate (80 percent), the actual electricity available would be 240GW. Since the viability of the SPS concept has not been provenyet, such a scenario is speculative at best, and DOE emphasizesthat this time frame was chosen only to provide a baseline fromwhich to proceed with the study, and does not necessarily representthat agency's preferred scenario.

Costs for the first SPS have been estimated at $100 billion, witheach subsequent SPS costing $11.5 billion.

C. Environmental
The environmental effects of SPS are not known at this time,although there are several potential areas of difficulty in thisregard. The problem which receives the most attention concernspotential effects on the atmosphere and on biota from the micro-waves that would be used to transmit electricity from orbit toEarth. At the present time, there are no internationally acceptedstandards for microwave radiation exposure, with the U.S. stand-ard 1,000 times higher than that of the Soviet Union. Currentplans call for the most intense area of the SPS microwave beam tobe 23 milliwatts per square centimeter, and SPS advocates assertthat the level of microwave radiation at the periphery of the rec-tenna would satisfy the strictest microwave radiation exposurelimits (those of the Soviet Union).
It should be noted that the microwaves involved in SPS powertransmission are a type of non-ionizing radiation, unlike the typeof radiation emitted in nuclear reactions. Low-level non-ionizingradiation exists in our environment at the present time fromsources such as the transmission of television and radio signals.The health effects of long-term exposure to low-level non-ionizingradiation are largely unknown at the present time, with studiesonly now getting underway in the United States. Studies in theSoviet Union have shown that the major effects concern behavior,with long-term exposure causing jittery nerves and general anxi-ety. These results have not been confirmed, however. Non-ionizingradiation is not known to cause cancer or genetic defects, butrather causes heating, just as a microwave oven heats food. Long-term exposure to high levels of microwave radiation could "cook" aperson or animal, but this level is about 1,000 milliwatts per squarecentimeter, considerably higher than the 23 milliwatts per squarecentimeter planned for the center of the SPS beam; exposure to 100milliwatts per square centimeter has been shown to cause cataractsin test animals.
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Effects on the atmosphere would include heating of the ionos-

phere by the microwave beam. The major problem in this regard is

considered to be potential interference with radio transmissions.
The ionosphere reflects certain wavelengths back to Earth while

other wavelengths pass through. If certain areas of the ionosphere
are heated by microwave beams, it is possible that radio signals
which normally pass through the ionosphere will be reflected back

to Earth, causing interference problems. There may also be radio

frequency interference with orbiting satellites, and terrestrial com-

munications in the area of the Earth-based rectenna.
Some of these problems might be overcome by using lasers in-

stead of microwaves for power transmission, although no exhaus-
tive study of the laser concept has been prepared. Lasers may

encounter stiff opposition from the general public since they are so

often viewed as having lethal effects. (See III. D, below).
Resource utilization for constructing SPS's is another area of

potential concern. Assuming that SPS construction material would

come from the Earth, the January 1979 DOE-NASA reference
design concluded that there are potential shortfalls in four ele-

ments for constructing a large number of SPS's: gallium (if gallium

aluminum arsenide cells are used), mercury, tungsten, and silver.
Subsequent to this first analysis, DOE released a preliminary

materials assessment for SPS which identifies 20 materials for

which there might be a supply problem, of which 5 were considered
to be potentially serious: gallium, graphite fiber, sapphire, solar

grade silicon, and gallium arsenide. The assessment found that in

general, the gallium option presented more severe materials prob-
lems than the silicon option, although the report noted that this

difference might be because the technology for silicon is more
advanced.4

Another area of concern is land usage for siting the rectennas.
At sharp angles, atmospheric heating from the microwave beam

might follow Earth's magnetic lines, increasing the area of the

ionosphere heated by the microwave radiation. Consequently, scien-

tists have suggested (although no definitive conclusion has been

reached) that the lowest latitude at which an SPS rectenna could

be placed is 29 degrees north (or south) latitude. As the latitude
increases, the rectenna must become more and more elliptical to

compensate for the "flashlight effect," 5 hence the effective limit

for rectennas is approximately 40 degrees north (or south) latitude.
These limits roughly correspond to placing rectennas from Browns-
ville, Texas to Indianapolis, Indiana, in the northern hemisphere.

Although longitude locations depend on placement of the SPS at

a certain point in geosynchronous orbit, there are many other non-
technical factors which will decide where rectennas can be placed,
including topography, population, and radio frequency interference.
Under contract to DOE, Rice University prepared a study of poten-

4 U.S. Department of Energy. Office of Energy Research. Preliminary Materials Assessment

for the Satellite Power System (SPS). Washington, National Technical Information Service,

January 1980. DOE/ER-0038, pp. i-iv.
5 "Flashlight effect" refers to the fact that as the angle increases between the source of

electromagnetic waves (light in the case of a flashlight, microwaves in the case of SPS) and their

final destination, the beam widens into an increasingly elliptical shape. If the SPS rectenna

were placed on the equator directly below the SPS, its shape would be circular. As latitude

increases, the microwave beam becomes more elliptical and the rectenna dimensions must be

adjusted accordingly so as to capture all the microwave radiation being transmitted.
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tial rectenna locations based on 36 variables, and developed 11maps proceeding from less restrictive to more restrictive varia-bles.6 These maps show that few locations other than the centralportion of the United States could serve as rectenna sites, therebyrequiring retransmission of the energy through the utility grid toreach high energy consumptive markets and increasing the cost ofthe electricity. Siting the rectennas off-shore might alleviate theland usage problem, although transmission of the electricity toland could be expensive.
D. Social

Fear of exposure to microwave radiation, or to laser beams ifthat option is chosen, may well prove the largest stumbling blockto SPS. Like nuclear energy, emotions are likely to run high on theissue of exposing the general population to such potential dangers,even though advocates of the microwave and laser systems offerassurances that fail-safe systems can be engineered to prevent suchoccurances. Also in this vein is the potential of the SPS as amilitary weapon, "frying" cities with doses of microwaves or "zap-ping" people with lasers. Since a pilot signal emanating from therectenna is required to keep the more than 7,000 subarrays in themicrowave or laser transmitter properly aligned for transmissionof the energy, intentional or unintentional redirection of the beamcould be avoided, for without the pilot signal the energy woulddissipate into space rather than following its guided course to therectenna. In addition, a system might be engineered such that ifthe pilot signal deviated more than a few degrees, the SPS wouldautomatically cease operation.
Another concern about the potential military implications of SPSis that once a country has the capability to build SPS's, it would defacto have the capability to pursue purely military missions usingthe hardware developed for SPS (especially the launch vehicleswhich could be used to place weapons systems or antisatellites inorbit).
A corollary question involves the potential vulnerability of SPSto military attack. J. Peter Vajk of Science Applications, Inc. hasconcluded that a 1-3 megaton nuclear device exploded within 1,000kilometers of the arc where the 60 SPS's would be located woulddestroy all the satellites because the resulting radiation wouldcreate power surges and burn out the SPS systems. If the yield ofthe device was increased to 50-60 megatons, it could be exploded inlow Earth orbit and destroy all 60 SPS's, although every othersatellite in the vicinity would also be destroyed. Nevertheless, Vajkconcluded that SPS was no more vulnerable to military attackthan our present terrestrial power systems, which he claimed couldbe destroyed in the same manner by the explosion of 4 to 10 well-placed 10-20 megaton nuclear devices 100 kilometers above ground.He recommended that institutional and technological safeguards beincluded in the SPS design to alleviate potential vulnerability tothe greatest extent possible, including international inspections,

6 Blackburn, James B., Jr. and Bill A. Bavinger. Satellite Power System (SPS) Mapping ofExclusion Areas for Rectenna Sites. Prepared under contract to the U.S. Department of Energy.Washington, National Technical Information Service, October 1978 [published January 1979].HCPIR-4024-10.
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international agreements, self-defense systems for the SPS, and
comprehensive space surveillance.7

The more general issues of centralized versus decentralized
energy also applies to SPS. Without question, SPS is a centralized,
high technology energy source. Some supporters of ground-based
solar energy schemes claim that SPS supporters are trying to
"steal the Sun from the people," turning their decentralized energy
technology into a centralized one. They are concerned that money
which otherwise would be given to development and commercializa-
tion of ground based solar options will be used for SPS.

E. Political

SPS has already begun encountering political opposition. In
debate in the second session of the 95th Congress on H.R. 12505,
which would have increased funding for SPS to $25 million for
fiscal year 1979 for technology verification studies, it was charged
that SPS is an attempt by a failing aerospace industry to bolster its
future:

This program is a creature of the space industry conceived to keep its nose in the
Federal trough forever. Since we have been slowing down the space program, the
industry has been looking for avenues to continue its activities at Federal and
taxpayer's expense. They have rested on the popularity of solar energy to promote
this project, and it is a project that is just absolutely mind-boggling.,

Although the bill passed the House in 1978 (267-96), the Senate
did not report any SPS bill from the Senate Energy and Natural
Resources Committee, despite the fact that two such bills (S. 2860
and S. 3541) had been introduced.

Legislation very similar to H.R. 12505 was introduced in the
House in the 96th Congress (H.R. 2335) and was passed on Novem-
ber 16, 1979 by a vote of 201 to 146. As in the previous year's
debate, opponents of the legislation stated that SPS was a creature
of the space industry. In addition, they saw the bill as a premature
commitment to SPS development, noting that they had been unsuc-
cessful in deleting development aspects of the bill during its consid-
eration in the House Science and Technology Committee (the bill's
title is Solar Power Satellite Research, Development and Evalua-
tion Program Act). A third line of opposition focused on the fact
that DOE and NASA are currently conducting a three-year study
of the feasibility of SPS, the results of which are due in mid-1980.
Opponents felt that Congress should wait until it hears the results
of that study before committing another $25 million to the pro-
gram, and remarked that Congress had already indicated its sup-
port of determining the feasibility of SPS by funding the three-year
study. Therefore, they argued, disapproval of H.R. 2335 did not
necessarily indicate congressional abandonment of the SPS con-
cept.

Proponents of H.R. 2335 countered the above criticisms by noting
that the bill did not in any way call for actual hardware construc-
tion for an SPS, but only for technology verification work related
to needed advancements (as already discussed in section III. A,

7 Vajk, J. Peter. Paper presented at the Department of Energy Satellite Power System (SPS)
Program Review, Lincoln, Nebraska, Apr. 22-25, 1980.

Ottinger, Richard. Debate on H.R. 12505. Congressional Record [daily ed.], June 22, 1978:
H5964.
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above). They also explained that the $25 million in H.R. 2335 would
in no way duplicate on-going work within DOE or NASA. Respond-ing to the point that SPS was simply a bonanza for the failingaerospace industry, SPS proponents stated that previous space pro-grams have given the United States experience in space, and nowis the time to begin reaping the benefits of our space expertise byputting space to work for us.

No separate SPS legislation has been introduced in the Senatefor the 96th Congress, although H.R. 2335 has been referred to thatbody for consideration. The Senate has appeared content to consid-er SPS as part of the overall DOE budget, rather than providingspecific legislation for it as it has done in other areas such assynthetic fuels.

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990
None.

B. Contribution by 2000 or Beyond
The current DOE reference design for SPS calls for constructingtwo 5,000 megawatt SPS's per year for thirty years, beginning in2000, although the Agency has emphasized that the timetable wasdeveloped only to provide a reference point and is not necessarilythe Government's preferred scenario. If this scenario were tobecome reality, SPS's theoretically would be providing 300gigawatts of electricity by 2030. Assuming the most pessimistic

estimate of plant factor made to date, 80 percent, actual electricitygeneration would be 240 gigawatts.



SOLAR HEATING AND COOLING FOR BUILDINGS *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology

The Federal solar heating and cooling program involves a broad
range of solar collector systems and building design techniques
which provide hot water and space heating and cooling for residen-
tial and commercial buildings. The numerous systems that have
been devised to collect and store solar energy for these purposes
are -generally described as either "active," "passive," or "hybrid."

Active systems typically employ flat plate collectors, a circulat-
ing heat transfer fluid (which can be either water or air), thermal
energy storage, and distribution and control subsystems. Flat plate
collectors heat air or water to temperatures between 120 degrees
and 200 degrees F, although some systems operate at lower tem-
peratures. Where higher temperatures are needed to operate ab-
sorption type air conditioners for-cooling, a variety of dish, parabol-
ic trough, or evacuated tube collectors can be deployed which
achieve temperatures of 300 degrees F and higher by concentrating
the Sun's energy. Active systems use electrical or mechanical
energy to circulate the heat transfer fluids. This distinguishes them
from passive systems which utilize natural-energy flows (convection
and conduction) to transfer energy. Passive systems can provide
both space heating and cooling by using the building itself, along
with innovations such as greenhouses, roof ponds, and massive
thermal storage walls, to collect and store solar energy. Passive
systems involve careful architectural design and are related to
good energy conservation techniques. Hybrid systems permit some
energy transfer through natural means but also use outside energy
for certain energy flows. These systems can be effective in minimiz-
ing temperature differentials which have been a problem in some
passive designs.

The current U.S. stock of residential and commercial buildings
totals some 70 million units. In 1978 the residential sector used
almost 12 quads of energy for space and water heating and at least
6 quads were expended by -the commercial sector for the same
purpose. This amount of energy consumed for space and water
heating is equivalent to more than 9 million barrels of oil per day
(about 3.3 billion barrels per year), which is more oil than the
United States imports each day and respresents about 23 percent of
all the energy consumed in the United States in 1978.

Because of siting constraints, building constraints, and other
physical, economic, and institutional limitations, it will not be
possible to solarize every existing and future building. And, even
where solar systems are feasible, in most instances economics dic-
tate that the solar systems be sized to provide a portion of the

' Prepared by J. Glen Moore, analyst in energy technology.
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building's energy needs (50 to 70 percent) with conventional fuels
providing the remaining needs.

B. Known Resources and Reserves
Solar energy is essentially inexhaustible. However, limitations on

the availability of materials which make up the collectors and
other components of solar heating and cooling systems could re-
strict their implementation should the demand for systems exceed
the industry's ability to keep pace with the market while keeping
costs down.

C. Current Contribution to US. Energy Supplies
A survey of solar installations conducted by the Solar Energy

Institute of North America (SEINAM), a private association, indi-
cated a total of 87,965 active solar space conditioning or water
heating systems installed in the United States at the end of 1978.1
Other informed surveys have indicated the existence of 100,000
installations or more, with most used for domestic water heating.2

On an annual basis a typical solar water heater delivers theenergy equivalence of two barrels of oil; a combined space andwater heater system delivers about five barrels of oil equivalence
per year. Assuming that 100,000 installations in the United States
is a correct estimate, that all units are functioning properly, and
that the mix of water heaters to combined systems is about 10 to 1,
the current contribution of this technology to the U.S. energy
supply is on the order of 150,000 barrels of oil equivalence per year.
Compared to a total of 14 billion barrels of oil equivalence con-
sumed in this country annually for all purposes, the contribution ofsolar space and water heaters at this time is negligible.

D. State-of-the-Art
It is generally agreed that the use of solar thermal energy toheat building space and provide domestic hot water is the solar

applicaiton most nearly ready for widespread commercialization. A
recent government survey indicated that 249 firms manufactured
and sold almost 7 million square feet of collectors during the firsthalf of 1979 (including swimming pool heaters) compared to 412
million square feet manufactured during the last half of 1978.3 The
manufacturers (which may or may not have solar as their only line
of business) are supported by a network of marketing and installa-
tion firms (which also may or may not be exclusively solar).

Despite the progress that has been made so far, the industry is
not considered mature. A number of technical, economic and insti-
tutional problems must be addressed and resolved before solar
space and water heating can be fully utilized as a national energy
source.

Solar space cooling is technically linked with solar space and
water heating, but there is a significant difference in the state of
equipment development and market readiness between the two

I Solar Energy Intelligence Report, May 28, 1979, p. 213.
2 Special Energy Edition. Arthur D. Little, Inc., October 1979, p. 7.
3 Solar collector manufacturing activity, January through June 1979. DOE. Energy Informa-tion Agency. October 1979.



150

applications. Several types of cooling technology have been demon-
strated but further development is required before these systems
are ready for marketing.

E. Current Research and Development

Given the advanced state of commercial readiness of solar space
and water heating compared to other solar technologies, the Feder-
al program has in general been more concerned with the commer-
cialization of existing systems than with the R. & D. of new sys-
tems, although the program does include an R. & D. component.
The philosophy has been that a product should be developed by the
industry that will eventually use it. Accordingly, whenever possible
DOE has supported the R. & D. efforts of industry rather than
directing industry into new areas of research. An exception has
been in solar cooling which has had, and continues to require,
significant Federal R. & D. support.

An early deterrent to the commercialization of solar space and
water heaters was the absence of experience with this application
among architects, engineers, and builders, despite the fact that
solar water heaters have been in use in this country intermittently
since the 1920's. A major demonstration program was mandated by
Public Law 93-409, the Solar Heating and Cooling Demonstration
Act of 1974, to show how the various solar systems developed
largely by industry could be used on all building types in each
climatic area of the country. Annual cycles of demonstrations
began in 1975 and concluded at the end of fiscal year 1979.

Approximately 12,000 individual projects are underway as a
result of the Federal demonstration program, including single and
multi-family housing totalling over 20,000 dwelling units in all 50
States (both passive and active systems), and approximately 400
commercial projects. About half the residential and commercial
demonstration projects are operational at this time, and of these
about 100 have been instrumented to provide detailed technical
performance information.

An analysis of the residential portion of the solar heating and
cooling demonstratioin program by the General Accounting Office
(GAO) concluded that the program has had only limited success.
The GAO found that: (a) based on a sample of 20 operational
demonstration projects containing 91 residential units, the program
has not clearly demonstrated the technical reliablility or the eco-
nomic viability of solar heating systems; and (b) solar cooling tech-
nology is not ready for demonstration, which means that Public
Law 93-409 needs to be amended to provide for demonstrations of
this technology when its practicality can be proven.4

With no immediate plans for additional demonstration cycles
beyond fiscal year 1979, DOE will concentrate its efforts over the
next several years on product improvement and the removal of
market barriers. The agency will continue to support installer and
maintenance worker training programs, information and education
programs, and development of codes and standards to assure con-
sumer satisfaction. In addition, DOE will continue to fund some

4 Federal Demonstrations of Solar Heating and Cooling on Private Residences-Only Limited

Success. General Accounting Office. EMD-79-55. October 1979.
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research and development work, and will support market testing,largely through the procurement of cost effective space and waterheating systems for use in Federal buildings. The fiscal year 1980budget request, post-revision, amounts to $45.2 million.

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

The technical basis for solar space and water heating is fairlywell known and accepted. However, problems still exist in systemscosts, quality control, and overall performance, as well as in cer-tain societal and institutional aspects of widespread implementa-tion. The mass production of solar collectors is often mentioned asthe key to low cost systems and a widespread commercial market.However, some manufacturers have indicated that increases inmaterial and operating costs have cut their profits to the pointwhere they do not expect prices to be substantially reduced bymass production. Opportunities for reducing collector costs, there-fore, lie not so much in mass production but in the development ofnew collector systems that use less expensive components or lessmaterial more efficiently. Additional opportunities lie in the effec-tive integration of existing components and in the design of sys-tems that are less costly to install.
Specifically, current and potential development requirements in-clude the following:

A. Improved Collector Performance and Cost Reduction
About half the price of a typical solar space or water heatingunit is in "conventional" off-the-shelf components and much of therest is in "conventional" materials. 5 There is no reason to expectdecreases in real cost in either conventional components or materi-als in the future. Consequently, only limited cost-shaving improve-ments appear possible in current flatplate collector units. However,new concepts such as plastic collectors or evacuated tube collectorsdesigned for volume production promise to reduce collector costsand improve performance.

B. Reduced Installation Costs Through Improved System Design
The installation cost of a solar system is often the single mostexpensive part of the project, involving field labor rates and de-pendence upon building configuration and weather. Systems engi-neering can provide better matching of components and, possibly,the complete packaging of fully integrated systems. The resultshould be an overall improvement in efficiency and streamlined(hence, less costly) installation procedures. DOE has indicated itintends to work more on systems development in the future.

C. Solar Assisted Heat Pumps
Hardware development efforts currently underway combine newheat pump concepts with solar heating, cooling, and hot watersystems. These promise more cost effective systems. Advantages of

5 Solar Engineering. August 1979, p. 40.
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the new systems include maximizing solar input, assisting utility
load balance, and providing a balanced heating and cooling system.

D. Chemical Heat Pumps and Storage

Chemical heat pumps based on thermally driven reversable
chemical reactions are being developed on a limited scale of effort.
The predicted economic performance of these systems is attractive.
Because the systems include heating, cooling and storage in a
single package, they could show a considerable savings over con-
ventional solar systems when they are ready for the marketplace.

E. Integration of Conservation, Passive and Active Solar Design

Energy conservation, passive solar design, and active solar sys-
tems are engineering disciplines which have, to a large extent,
been developed independently of one another. Opportunities
remain for the development of market-acceptable system concepts
that effectively combine all three approaches to reducing the need
for conventional energy.

F The Retrofit Market

Cost effective retrofit domestic hot water systems are available
in certain regions of the country, but retrofit heating and cooling
systems are not well developed. Techniques to facilitate the opti-
mization of retrofit design are also not readily available. A signifi-
cant contribution from solar in the future will require the retrofit
of large numbers of existing building units as well as the solariza-
tion of a large portion of all new construction.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

A. Technical

1. STANDARDS

Rapid advances in solar technologies have left gaps in the techni-
cal standards required for industry development. The Federal pro-
gram is aimed at accelerating the development of standards by
providing assistance to standards developing groups in the private
sector. The absence of standards or uncertainty about the stand-
ards that will ultimately be adopted is perceived to be a market
barrier. Consumer rights advocates maintain that standards appli-
cable to solar equipment and installations are needed to inform
and protect the consumer with respect to the expected performance
and basic quality of a producer. The challenge is to devise stand-
ards which give the consumer adequate protection without adverse-
ly affecting competition or stifling innovation in the industry.

2. BUILDING CODES

A traditional impediment to the introduction of new building
technologies has been the lack of uniformity in the thousands of
State and local building codes across the Nation. The DOE, in
cooperation with State and local government officials and national-
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ly recognized building code organizations, prepared a draft ModelCode Document in fiscal year 1979 with final publication plannedby fiscal year 1980. Speedy acceptance of the code would allow thesolar industry to design equipment for a national market instead ofhaving to tailor systems to meet local requirements. A nationalrecognized code should make local building code officials morereceptive of solar construction.

3. TESTING AND CERTIFICATION

The lack of understandable, uniform data regarding solar equip-ment performance makes it difficult for consumers, designers, andbuilders to select appropriate solar energy systems. The adoption ofdifferent equipment testing and certification procedures by publicagencies and private sector organizations could result in buyerconfusion and increased manufacturing costs. The DOE supportsefforts in the private sector aimed at developing uniform equip-ment rating and certification procedures.

B. Economic

1. SOLAR HEATING

Experience in the Federal demonstration and in the commercialmarket has shown that the high first cost of solar space heating isthe major obstacle to widespread consumer acceptance. Costs ofactive solar space heaters vary from $25/ft2 to $40/ft2 of collectorarea; systems in the first three cycles of the Federal residentialdemonstration program had an average installed cost of $32.77/ft2of collector area. 6 A typical active solar space/water heater systemcan cost $8,000 to $12,000 or more.
Rising fuel costs, an unstable economy, and the uncertain effectcongressional actions such as the National Energy Act (Public Law95-617 through 95-621), the Windfall Profits Tax (Public Law 96-223) and a variety of pending energy legislation may have on theenergy market, make it difficult to determine when a solar applica-tion has reached economic viability in a given situation. In general,however, the 40 percent residential tax credit and 15 percent busi-ness tax credit 7 provided under the Windfall Profits Tax Act, andactions taken under the National Energy Act of 1978 which makeconventional fuels generally more expensive, work to make invest-ments in residential and business solar equipment more attractivenow than ever before. Even before the credits and other congres-sional actions, solar water heating was competitive with electricwater heating in many regions of the country.8 With the credits,solar water heating could be competitive with electric water heat-ing in new and retrofit applications in almost every region of thecountry. Solar space heating should be competitive in new con-struction in many regions where the alternative is electric base-board heat, heat pumps or oil-fired furnaces. The economic outlook

o Domestic Policy Review of Solar Energy. Final Report: Research, Design and DevelopmentPanel. DOE/TID-28837. October 1978: tab A. p. 7.
7 Business can actually take a 25 percent credit for solar investments when the standard 10percent investment tax credit is included.
o Bezdek, Rogher H., Alan S. Hirshberg, William H. Babcock, Economic feasibility of solarwater and space heating. Science, vol. 203, Mar. 23, 1979: 1214-1220.
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for retrofit applications for active heating systems is uncertain

because of the many variables that must be considered in such

application. Although passive solar is not eligible for a tax credit,

well-designed passive solar heating and cooling systems can still be

cost effective in new construction in many areas.9

2. SOLAR COOLING

The first high costs in active solar heating systems are a greater

problem for active solar cooling systems. There are two reasons

why this is the case: First, the equipment is more complex. The

cooling equipment is not in volume production and involves a

complicated technology. High temperature collectors are necessary

for good system performance, and ancillary items such as cooling

towers are currently necessary for good system operation. All of

these add to system installation and operating costs. Second, the

annual operating cycle for most residential solar cooling system is

limited to a small part of the year. As a result, the high installa-

tion cost can only be written off over a limited part of the year.

The only current cost information for active residential solar

cooling systems (lithium bromide and water absorption system) is

derived from a limited number of Federal demonstration projects

and quoted prices for the one type of system in the marketplace.
Depending on system size and cooling load handled, the installed

cost of an average three ton residential active solar system ranges

from $25,000 to $30,000.10 This is about 15 times the cost of conven-

tional residential air conditioning systems of the same capacity

(installed).
C. Environmental

Solar heating and hot water systems are generally considered an

environmentally beneficial technology since conventional fuels will

be displaced. Solar energy conversion is not totally free of environ-

mental impacts, however. While the conversion processes may not

cause significant air or water pollution, negative impacts are asso-

ciated with the production of materials used in the collectors and

other components, and with the manufacture of the components.

Other environmental considerations relate to land use patterns,

toxicity and flammability of solar working fluids and materials,

and consumer safety implications.

D. Social

Escalating fuel costs for home heating affect the Nation's 20 to

25 million poor perhaps more than any other societal group. While

these individuals might benefit most from the energy savings and

the fuel-cost inflation protection that solar space heating would

provide, they are the least able to afford the expense of solariza-

tion.
Preliminary Internal Revenue Service figures based on 89.3 mil-

lion tax returns (94 percent of the returns filed in 1978) show that

the group reporting an adjusted gross income of $10,000 or less

filed 4.5 percent of all returns but made just 5 percent of all

9 Passive solar applications are proposed to be made eligible for subsidized loans under Title V of

Public Law 96-294, the Energy Security Act of 1980.

'"Ibid., tab B, p. 4.
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reported renewable resource expenditures. The $10,000 to $15,000
group filed 16 percent of all returns and reported 7 percent of the
renewable resource expenditures; the $15,000 to $50,000 group filed
35.5 percent of the returns and reported 70 percent of the expendi-
tures; and the over $50,000 group filed 2 percent of the returns and
reported 18 percent of all renewable resource expenditures. Ap-
proximately 40 percent of all individuals filing returns used the
1040A short form. These taxpayers are generally from the lower
income group. They would not be filing this form if they had
renewable resource expenditures to report.' Pending a complete
statistical breakdown of the 1978 tax returns, these preliminary
figures suggest a direct relationship between income level and a
tendency to adopt renewable resource measures.

Critics claim that the residential solar tax credit, as well as the
proposed Solar Bank for subsidized low interest loans,12 only bene-
fit relatively well-off families since even with the Federal economic
incentives the cost of solarization is beyond the means of low
income groups. Getting an acceptable solar-use rate in the lower
income groups is a challenging social issue requiring further study.

E. Political

1. DOE ORGANIZATION

The organization of the Federal solar energy program, which pits
an applications branch against an R. & D. branch, has resulted in
instances of understaffing and intradepartmental rivalries that
have caused delays in certain programs. It has been suggested that
organizational problems may have discouraged congressional solar
proponents from seeking additional money for solar programs out
of concern that DOE did not have the capacity to spend it proper-
ly.13

Energy Secretary Duncan reorganized the Federal solar program
beginning September 1, 1979 but it is too early to assess whether
old problems can be resolved by this new management structure.

2. FOREIGN MARKETS

While the Federal Government recognizes the overseas market
potential and the possible foreign policy implications of an interna-
tional solar energy market, an overall international solar strategy
as one component of a U.S. international energy policy has not
been formulated. The developing nations are particularly well-
suited for using solar energy: They tend to receive a large amount
of sunlight, and their population patterns lend themselves to de-
centralized energy sources. The high cost of conventional energy in
the developing countries means solar technologies might be mar-
ketable in those countries before they are marketable domestically.
Failure to establish early dominance in an international solar
market could be a problem for U.S. solar industries seeking initial

"Conversation with Phil Clark of the Internal Revenue Service.
"A Solar Energy and Energy Conservation Bank was established June 30, 1980, with theenactment of Public Law 96-294, the Energy Security Act of 1980.
"1 Donelly, Harrison H. Solar energy: A future that has yet to come. Congressional Quarterly.

Sept. 15, 1979: 1987-92.

71-990 0 - 81 - 11
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markets for their products. (See the discussion under Photovoltaic
Energy Conversion, I.E.3.)

3. FEDERAL INCENTIVES

Experience with the adoption of the residential solar tax credit
suggests that the time lag between the proposal of a Federal incen-
tive for solar energy and its enactment into law can be a difficult
period for the solar industry affected. Beginning in 1974 and
through the first half of 1977, semiannual Government surveys of
the solar collector industry had shown a steady, even predictable,
semiannual increase of 50 percent or more in production. But
during the last half of 1977, corresponding to the introduction of
the tax credit proposal, the production of solar collectors increased
by just 20 percent, and the first half of 1978 showed no increase in
production over the previous period. During the second half of
1978, when the congressional debate over the National Energy Act
and the much publicized solar credit was most intense, preliminary
government figures indicate that collector production fell 27 per-
cent, from 6.28 million square feet produced in the previous period
to 4.58 million square feet. Many small firms reportedly failed
during this period. It is not possible to determine the extent to
which Federal delays on the tax credits were responsible for the
industry's malaise in 1978. However, it is possible that the delays
contributed to the downturn and to this extent Congress and the
Administration may need to act more decisively on solar incentive
legislation in the future.

4. COMPETITION WITH SYNFUELS

Competition with synfuels for limited Federal energy dollars
could jeopardize prospects for achieving the national goal of a 20
percent solar contribution to U.S. energy supplies by the year
2000.14 Estimates indicate that the Federal Government would have
to spend $100 billion in R. & D. and direct market support over the
next 20 years to achieve this goal.'5 Currently, the Federal solar
budget is about $1 billion per year. An accelerated synfuels devel-
opment program costing tens of billions of dollars over the next
few years would put a heavy strain on the Federal energy budget
and might prevent the solar program from getting the funding
necessary to achieve this national goal. Further analysis is re-
quired to determine the possible impact a major synfuels program
might have on established solar objectives.

"The Solar Energy Domestic Policy Review, (DPR) published by DOE in February 1979,

estimated that United States annual energy use would rise to 95 quads by the year 2000,

assuming an increase in the price of imported oil to $32 a barrel. The DPR concluded that a
maximum practical effort could increase the amount of conventional energy displaced by solar

and other renewable resorces to 18.5 quads by the year 2000, from the present 5 quads which is

obtained primarily from hydropower and the direct combustion of wood. This would be approxi-
mately 20 percent of the total, given the $32 a barrel price assumption. As a result of the DPR

study, the President, in a speech made on June 20, 1979, committed the Nation to a goal of

meeting "one-fifth-20 percent-of our national energy needs with solar and renewable re-

sources by the end of this century.' The goal established by the President assumes a strong,

concerted effort by State and local governments, and private industry and individual energy
users, in addition to the continuing Federal program.

'1 Dr. Paul Rapport, former director of the DOE Solar Energy Research Institute.
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5. FEDERAL SUBSIDIES FOR CONVENTIONAL ENERGY SOURCES

Proponents argue that the widespread use of solar energy is
hampered by Federal and State policies and market imperfections
that effectively subsidize conventional energy sources. These poli-
cies include Federal price controls on oil and gas, a wide variety of
direct and indirect subsidies, and utility rate structures that are
based on average, rather than marginal, costs. The proponents
further argue that the present energy market fails to adequately
reflect the full social benefits and costs of conventional energy
sources such as the costs of air and water pollution. They conclude
that if solar energy were given economic parity with conventional
fuels through the removal of these subsidies, its market position
would be enhanced.

6. FUNDING PRIORITIES WITHIN THE FEDERAL SOLAR BUDGET

Although the current Federal solar R.D. & D. program is sub-
stantial, solar energy funding priorities have been critcized for not
being more closely linked with national energy goals. According to
some critics, solar R.D. & D. budgets, which have totaled about 1.5
billion in the fiscal year 1974 to fiscal year 1979 period, have not
adequately concentrated on systems that have near-term applica-
tions and can help displace oil and gas. Also, the critics claim that
electricity from large, centralized solar technologies has been over-
emphasized while near-term technologies for the direct production
of heat and fuels, community-scale applications, and low-cost sys-
tems have not received a level of support commensurate with
national energy independence objectives. On the other hand, it has
also been argued that basic research on advanced solar concepts
has been under-emphasized during this period, which could limit
the long-term contribution of solar energy to the Nation's energy
supply.

F. Utility Role
Utilities could either significantly assist in the increased use of

solar energy or serve as a major barrier to such use. Utilities can
hinder solar energy use by offering backup energy to users of solar
equipment at discriminatory rates or by refusing to buy back solar-
generated, system-compatible electric energy at reasonable rates.
Utilities could enhance solar commercialization by giving their
customers basic energy information, recommending reliable sys-
tems and installers, offering financing, leasing solar equipment, or
even acting as a sales agent on arrangements where payment for a
customer's solar unit would be included in the monthly utility bill.
It should be noted, however, that some solar industry representa-
tives oppose any utility role in solar development, fearing that
regulated utilities with their financial resources could have an
adverse impact on competition.

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990
Estimates of the energy impact of solar space and water heating

systems have varied widely and are speculative at this time. A
House committee report refers to an estimate of potential savings
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in the residential sector alone of 1 million barrels of oil equivalence
per day by 1990, or approximately a 2 quad annual saving.16 This
estimate is in sharp contrast to one DOE source which puts the
combined solar contribution for passive and active solar heating
and cooling, and solar pool heating, at just 0.26 quads in 1990.17
About midway between these two estimates, the Domestic Policy
Review of Solar Energy estimates that by 1990 active and passive
solar energy systems in all types of residential applications will
save on the order of 0.7 quads of primary energy. Commercial
applications will save another 0.2 quads."8

The few available industry trends on which to base an estimate
at this time do not bode well for the future of solar space and
water heating. Indications are that the industry is falling far short
of the installation pace needed to reach the goal of 2.5 million
residential solar installations by 1985 which was set by the Presi-
dent in 1977 for the National Energy Act. "Solar State of the
Union Report," issued in May 1979 by SEINAM, indicated that in
order to be on target for meeting the President's goal, 283,000 units
should have been installed in 1978, while the actual number to-
talled only 32,670 units. Looking ahead to 1979, SEINAM projected
that 49,710 units will be installed, compared to 350,672 installa-
tions needed to keep pace with the goal. Unless unforeseeable
events cause a dramatic increase in the installation rate over the
next few years, the contribution of solar space and water heating
to the national energy damand in 1990 may be less than estimated
by DOE.

B. Contribution by 2000 or Beyond

In its Domestic Policy Review of Solar Energy, DOE projects that
active and passive solar energy systems in residential and commer-
cial applications will displace 2.4 quads of primary energy in the
year 2000, with the largest saving (2.0 quads) in the residential
sector.19 This estimate assumes that solar energy will substitute
for power generated by utilities. When displacing utility power,
every unit of energy delivered by a solar installation saves 3 units
of energy at the powerplant since powerplants typically operate at
33 percent efficiency. The energy actually delivered by the solar
units is one-third the amount which DOE estimates will be dis-
placed, or 0.8 quads in the year 2000. Assuming an average solar
installation delivers the energy equivalence of 4 barrels of oil per
year (water heaters deliver about 2 barrels per year, combined
space/water heating units deliver about 5 barrels), 36 million in-
stallations would be required to fulfill DOE's estimate of 2.4 quads
saving by 2000.

There is uncertainty inherent in any projection of this kind. The
actual number of units in place in 1990 and beyond will depend
upon the future cost of oil, Federal incentive programs, consumer
perceptions and a number of other variables which are difficult to
predict. While current trends suggest ever higher solar installation
rates, the outlook could change suddenly by a dramatic break-

16 National Solar and Energy Conservation Incentives Act. Committee Banking, Finance and
Urban Affairs. Report 96-625. (To accompany H.R. 605) Nov. 15,1979.

17 Annual Report to Congress 1978. Vol. 3: Forecasts. DOE, Energy Information Administra-
tion. DOE/EIA-0173/3. 1979; p. 291.

IS Domestic Policy Review of Solar Energy. A Response Memorandum to President of the
United States. DOE. TID.22834. February 1979.

I DOp. cit.
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through in any one of a number of "new" energy technologies
being pushed concurrently with solar space conditioning systems,
or it could change gradually as progress is made in making more
effective use of our conventional energy resources, and as conserva-
tion practices become more widespread.



SOLAR THERMAL POWER CONVERSION *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology

Solar thermal technology entails using highly concentrating
mirror configurations to produce high temperature heat. This ther-
mal energy can then be used directly (industrial process heat appli-
cations or advanced solar heating and cooling), converted into elec-
trical energy (utility or on-site generation), mechanical energy. (irri-
gation pumping), or any combination of these (total energy
schemes).

In addition to demonstrating considerable versatility in their
ability to provide heat, electricity, or shaft work, solar thermal
energy conversion systems can be sized from a few kilowatts (kw)
to hundreds of megawatts (Mw). For example, the Federal solar
thermal program, under the direction of the Department of Energy
(DOE), has diverse projects such as 25 to 200 horsepower (18 to 150
kw) trough collector irrigation projects; intermediate size dish and
spherical bowl collector projects which have rural as well as indus-
trial applications; and large-scale projects such as the 10 Mw-elec-
tric central receiver at Barstow, California, which is designed to
serve utility requirements.

Two basic solar thermal power system configurations are being
studied: (a) the solar power tower concept, and (b) energy collection
through distributed receivers. The power tower concept features a
central boiler or receiver located atop a tower which could be as
tall as an 85-story building for a 100-Mw system. The tower is
surrounded by computer-controlled mirrors (heliostats) that track
the Sun throughout the day and focus sunlight on the central
receiver. Central receiver technology is being developed primarily
for large-scale applications (greater than 10 Mw) under DOE's large
solar thermal power systems program. The distributed receiver
concept uses distributed collector systems and receivers through
which the heated working fluid is piped from each receiver unit to
the point where the thermal energy is converted into electricity.
Distributed receiver technology involves trough, dish, and bowl
collectors and is being developed primarily for smaller scale appli-
cations under the DOE's small solar thermal power systems pro-
gram.

B. Known Resources and Reserves

While the solar resource is unquestionably large, the diffuse
nature of solar energy necessitates the use of large collector areas
for all but the smallest units. Solar energy is also intermittent both
as a regular (diurnal) and irregular (weather) basis. The diffuse and
intermittent nature of the solar resource tends to limit the poten-
tial for solar thermal power at this time to those applications

'Prepared by J. Glen Moore, analyst in energy technology.

(160)
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where energy storage is either not required, or requirements wouldbe so small that storage would not be a major constraint.
For utility applications, energy storage will initially have to bekept to a minimum, which means that solar powerplants will prob-ably be limited to providng intermediate load electricity (the addi-tional electrical power utilities must generate from about 7 a.m. to9 p.m.). Solar powerplants are not expected to contribute measur-ably to the base load demand (maximum continuous demand) sincetheir electric power production is limited to about six to eighthours per day. To provide base load power, a solar powerplantwould require 16 to 18 hours of storage, plus enough extra collec-tors to fill the storage system. The result is that a solar base loadsystem would require five megawatts of capacity to provide onemegawatt of electricity on a continuous basis. Even more capacitywould be required to store enough electricity to get through acloudy day. Because sunlight is naturally coincident with interme-diate electric demand, less extra capacity and storage are needed.Roughly twice the peak capacity plus six hours storage wouldprobably be sufficient for western locations.
The southwestern region of the United States is a logical locationfor solar powerplants, both in terms of the availability of solarenergy and the availability of low-cost, low-use land. The land areapotentially available and suitable for solar plants would be ampleto accommodate sufficient generating capacity to meet current na-tional electricity requirements if other constraints on solar thermalenergy conversion could be overcome.

C. Current Contribution to US. Energy Supplies
Except for a limited number of commercial and experimentalsmall-scale solar thermal systems (used primarily for advancedsolar heating and cooling applications) and a small number ofFederal projects which produce energy intermittently on a experi-mental basis, solar thermal power conversion is not contributing toU.S. energy supplies at this time.

D. State-of-the-Art
Solar thermal power systems have proven technical feasibility

and no scientific breakthroughs are needed for deployment. Howev-er, the technology for both small and large-scale systems is stillvery much in the developmental and demonstration stages. Sub-stantial cost reductions must be realized before solar thermalpower is widely competitive with conventional energy sources.
Some of the earliest experiments with solar energy in this coun-try-dating back to 187 0-involved solar thermal power systems tooperate simple steam engines. Concentrating collectors were usedto operate small heat engines and pumps for irrigation in the early20th century. While there was no sustainable market for solarthermal power at that time, conditions required for success in themarketplace have improved. Today, industrial activity in the smallpower area has increased to the point where several companiesnow offer parabolic trough-type collectors on a commercial basis.,However, these systems which deliver energy at a cost of about

I Concentrating Collectors. Special Directory. Solar Engineering, June 1979, p. 27.
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$15/MBtu are still a factor of 3 above DOE's 1990 cost goal of $5/
MBtu.2 Accomplishments in the private sector have led DOE to
shift the emphasis of the small solar thermal power program from
trough collectors to dish and bowl concepts which have higher
temperature capability but are at a less mature state of develop-
ment. Multimegawatt systems for the utility and large energy user
markets are in the planning stage but appear to be years away
from widescale commercial feasibility. Nevertheless, a number of
large U.S. firms and a handful of smaller companies are now
involved in developing components for high temperature solar ther-
mal powerplants, with most of this research and development
being funded by DOE.

E. Current Research and Development

1. U.S. PROGRAMS

Currently, the DOE solar thermal power systems program sup-
ports the development of concentrating mirror systems for both
electric power generation and industrial purposes.3 During 1978
and 1979 the solar thermal program reached a funding level of
roughly $100 million per year; approximately $120 million has been
appropriated in fiscal year 1980 (Public Law 96-69). The fiscal year
1981 budget request amounts to $117 million.

With engineering feasibility issues approaching resolution, the
focus of the DOE program is shifting to cost readiness. Cost goals
for concentrator systems have been established consistent with
penetration in the major heat and power generation markets. In
general, those goals are in the range of $1,000 to $2,500 per electric
kilowatt, or roughly $5 per million Btus for heat. These system
goals provide a framework for targeting subsystem costs. In partic-
ular, the aim is to reduce the cost of troughs, heliostats, dishes, and
other distributed concentrators to $7 to $10 per square foot by 1990
(assuming mass production), and 25 percent to 50 percent lower by
2000.

The current program for solar thermal development emphasizes
the commercialization of products by the early 1980s. Specific ob-
jectives are:

(a) Reduce cost for small systems to twice market value by
1983;

(b) Reduce cost for large systems to twice market value by
1985; and

(c) Demonstrate acceptable reliability, environmental charac-
teristics, and maintenance costs.4

Program goals are being pursued by funding several concentrator
system options. These include:

(a) Power tower concepts.-The 10 Mw central receiver pilot
plant, now in the early stages of site activity near Barstow, Califor-
nia, represents the program's most visible thrust and the one

'Fiscal year 1980 DOE Authorization. Vol. I. House Committee on Science and Technology.
Feb. 8, 1979, p. 272.

Braun, Gerald W. This and much of the information in this section is based on a paper
delivered by Braun at the Solar Energy Industries Association Annual Meeting, Aug. 9, 1979,
San Jose Calif.

1980 DOE Authorization. Hearings before the House Committee on Science and Technology.
Vol. 1. Feb. 8,1979, p. 226.
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which has received the most critical attention. This project hasclaimed 30 percent of the program's three-year budget betweenfiscal year 1978 and fiscal year 1980. It is expected to be in oper-ation in late 1981. While smaller than most present day power-plants, the Barstow facility will provide system design tests andcollector production experience applicable to near-term use for cen-tral receivers. The total project cost of $123 million is shared bythe participants of the program, with $15 million provided bySouthern California Edison (SCE) and the Los Angeles Department
of Water and Power. The DOE will provide and be responsible forall solar components and support systems; the utilities will provideand be responsible for the turbine-generator facilities as well as theplant site, connections to the SCE electrical system, and necessarysupport facilities. The project will be the first integration of solarthermal hardware into a functional power generating plant. Theplant will be operated by the utilities under a cooperative agree-ment with DOE for a period of five years.

(b) Repowering concepts. -The concept of using solar for repower-ing involves central receiver systems built next to existing fossil-fired steam powerplants. Solar-generated steam delivered to theexisting turbines of the fossil plant would reduce the consumption
of oil and natural gas. Planning initiatives undertaken in 1979 forthe conceptual design of solar repowering/industrial retrofit sys-tems should provide the basis for future projects subject to fundingavailability.

(c) Receiver technology. -About 30 to 35 percent of the DOE SolarThermal Power Systems budget is now applied to receiver engi-neering development.5 This includes work on trough, bowl, anddish concentrators.
Sandia Laboratories of Albuquerque, New Mexico, leads theeffort to develop trough concentrators. The program is concernedprimarily with high temperature concepts with capabilities in the400 degree to 600 degree F range for industrial process heat appli-cations, although designs studies have also been done to explorehigher temperature (up to 1000 degrees F) trough designs for utili-ties. The work in industrial process heat is being carried out inconjunction with DOE's Office of Conservation and Solar Applica-tions. One joint project will use trough collectors to supply steamfor enhanced oil recovery. Studies have been initiated which couldform the basis for mass production of trough collectors.
The fixed hemispherical bowl with a moving receiver is one ofmost novel concepts in the DOE solar thermal program. 6 TexasTech University is developing the prototype hardware for a five-megawatt experimental facility to be built on a site near Crosby-ton, Texas. Construction is now underway on a 65-foot diameter,high-temperature prototype steam receiver module. The conceptualdesign of the Crosbyton plant calls for ten 200-foot diameter mod-ules once the validation of the 65-foot module is complete. Al-though there is some question as to the economics of bowl conceptsfor electric applications between one and ten megawatts, othersizes and applications could prove attractive. Smaller applications

5Braun, Gerald W., op. cit.
'Ibid.
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for bowls, such as irrigation pumping, have yet to be carefully
evaluated.7

Parabolic dishes offer the highest possible optical performance of
any concentrator concept, as well as high temperature capability,
minimum land use and a high degree of modularity. 8 Dish systems
are potentially the most versatile concentrator approach. For heat
and electricity production, they can be as small as a few kilowatts,
which is well below the likely minimum size for central receivers.
Furthermore, the possibility of total, or mixed heat/electric sys-
tems, adds to the potential for residential and commercial applica-
tions. The current parabolic dish program involves a system at a
Shenandoah, Georgia knitware factory where an array of 750
degree F dish concentrators will provide electricity, heating and
cooling, and low temperature steam needs. Peak electric output
will be 400 kw. The component development is completed and
prototypes of the dish are being tested.

2. FOREIGN PROGRAMS

Most major industrial nations have solar thermal power R. & D.
programs. However, the overall foreign effort appears to be smaller
than the U.S. program in terms of funding commitment and
number, diversity, and size of projects.

Israel and the Soviet Union have two of the larger foreign solar
energy programs, but their efforts are on near term technologies
(space conditioning and water heating in Israel, space heating and
windpower in the Soviet Union) with relatively little activity re-
ported in solar thermal conversions 10 Foreign activity in solar
thermal energy conversion appears at this time to be concentrated
in Europe with a number of countries participating, including
Sweden, Switzerland, Austria, Greece, Germany, France, and Italy.
France and Italy have been involved in the development of solar
thermal energy systems more consistently and for a longer period
of time than have other European countries." The French have
had eight to nine years of experience with the 1-Mw thermal solar
furnace at Odeillo, and, among other projects, plan to construct, a
25-meter diameter, 40 kw-electric, fixed hemispherical bowl system
called Pericles. Italy has a testing and developmental facility in
Sant'Ilario where design work was completed on a 1-Mw-electric
receiver which the European Economic Community will construct
in Sicily by the end of 1980 or 1981. West Germany also has an
ambitious solar thermal program and is developing a number of
systems primarily for markets in developing countries. 12

Faced with an overwhelming dependence on foreign oil, Japan
initiated "Project Sunshine" in 1974 to explore the feasibility of
using solar energy and other unconventional energy sources for a
portion of its domestic energy needs. The major emphasis has been
on residential space conditioning and water heating, but Japanese
plans include the construction of a 1-Mw prototype solar thermal

7 [bid.
s Ibid.
DGrossman, G., and A. Shitzer. Solar Research Around the World: Israel. ASHRAE Journal.

February 1979: 40-44.
'
0
Grunbaum, Rolf. Alternative Energy in the U.S.S.R. Environment. September 1978: 25-30.

'Selvage, Clifford S. Some European Solar Thermal Power Systems. Solar Age. July 1979: 9-

i2 Scott, David. Solar from Germany. Popular Science. February 1979: 76-77.
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power conversion system and feasibility studies and subsequent
construction of a large-scale solar furnace.' 3

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

While the technical feasibility of a number of solar thermal
conversion technologies has been demonstrated, the tecnology is
not practical for most applications. Therefore, the Federal effort is
primarily focused on the costs of components to enable initial
market penetration to take place in the mid-term (1985-1995). The
initial market is expected to be mid-temperature industrial process
heat, irrigation, and solar cooling for parabolic troughs; remote
electric sytems for parabolic dishes; and repowered utility and
retrofit industrial applications for central receivers. The long-term
(post 1995) market for solar thermal technology is expected to be
mid-temperature industrial process heat for troughs; small commu-
nity electric, total energy applications, and chemical processing for
dishes; and bulk electric, high-temperature industrial applications,
and fuels production for central receivers. Enhanced performance
and reduced cost for near-, mid and long-term-solar thermal tech-
nologies are being sought through improved (e.g., lighter, fewer
materials) collectors, higher temperature capabilities, and through
utility and industry experience in field experiments.

A. Research and Development

1. ENERGY STORAGE

The development of thermal or electric storage systems should
have a critical effect on the market for solar thermal systems.
Without storage, all direct solar conversion systems are limited to
a capacity factor of 20 percent or less in most of the United States.
Short-term electric energy storage is expensive, and economical
long-term bulk electric energy storage is not yet technically feasi-
ble.

2. BASIC RESEARCH

The achievement of the cost reductions envisioned by DOE will
require fundamental work in materials and coatings technology, as
well as work to develop innovative concepts for solar thermal com-
ponents, subsystems and processes, including reliable heat exchang-
ers and receiver units capable of withstanding repeated thermal
shocks over their lifetimes.

3. HEAT ENGINES

Heat engines driven by external heat sources are necessary for
widespread use of small-scale electric and pumping station applica-
tions of solar thermal energy. Only a few manufacturers produce
engines adapted for solar systems, and these are primarily proto-
type or test engines rather than production models.' 4 Cost reduc-
tions and efficiency improvements are necessary if heat engines
are to receive widespread use. Efficiency is directly related to total

'3 Overview of Energy Programs/Solar Energy Commercialization Status in Selected Coun-
tries. DOE. HCP/CS-4121. December 1978.
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solar system cost in that an efficient engine requires smaller collec-
tor areas to do the same amount of work.

B. Commercialization

Solar thermal technologies are unlikely to make any significant
market penetration before the year 2000 without both continued
Federal research, development and demonstrations, and major Fed-
eral economic incentives. Such incentives could be aimed at either
the supply or the demand sectors, and could include grants, accel-
erated depreciation, rapid amortization, tax credits, or numerous
other options. Experience with Federal incentives to encourage
market-ready solar technologies should be of value in selecting
appropriate Federal incentives for solar thermal systems when the
need arises.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

A. Technical

The technical questions associated with solar thermal energy
conversion systems relate to reliability, performance, and long-
term durability in actual use. Experience with real applications
beyond initial pilot plants will be necessary to resolve these ques-
tions and establish user confidence.

B. Economic

Until inexpensive thermal or electric energy storage systems are
available, solar thermal conversion for utility applications will only
be able to compete with powerplants built to deliver peak or inter-
mediate load electricity. For the foreseeable future, the need to
maintain generating capacity continuously means that no utility-
not even those in the most favorable locations-will be able to
commit more than 15 to 20 percent of total generating capacity to
solar units. Assuming solar powerplants do achieve economic feasi-
bility, the most promising first market is for the repowering of
existing oil- and gas-fired generating facilities in the southwest.
Even here, solar will only displace intermediate or peak load capac-
ity. Another potentially limiting factor is the prospect that other
new technologies, such as high-Btu gas from coal or heavy oil
recovery, could be less expensive than solar power and offer possi-
ble operational advantages. The outlook for dispersed solar for such
applications as irrigation pumping or process heat requirements is
more promising in the near term but the ultimate domestic market
may be limited.

C Environmental

The technology for solar thermal power conversion is still largely
in the developmental stage. Thus, detailed knowledge of the envi-
ronmental impacts is not available. Overall, solar thermal power
should have a beneficial effect on the environment since deploy-
ment should result in a reduction in the consumption of fossil or
nuclear fuels. The technology does, however, pose some specific
local environmental problems related to (a) misdirected solar radi-
ation, (b) land requirements, (c) impacts on local climatology and
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ecology, and (d) impacts of the accidental or emergency release of
working fluids into the local environment. In addition, one contro-
versial study indicates that the labor and materials intensive
nature of solar thermal power conversion increases the health risk
associated with this technology far beyond what might first be
expected. 1 5

D. Social

Societal impacts that could arise as a result of the deployment of
solar thermal power systems for utility or community-scale oper-
ations relate to land and manpower requirements associated with
plant construction. Because of their size, solar powerplants will
tend to be sited in rural agricultural or desert areas. Typically
these regions are characterized by isolated small towns or villages
with minimal community services. The construction and operation
of solar powerplants in these areas could seriously strain communi-
ty resources and services. The influx of construction crew members
and families and, later of operating personnel, could alter the
entire socioeconomic infrastructure of the community in question.
In addition, the increased availability of electrical power may at-
tract new industry and thus create local boom town conditions with
attendant scarcities and inflation.

E. Political

1. CENTRALIZED/DECENTRALIZED CONTROVERSY

The Federal solar thermal program has been criticized for over-
emphasizing large scale, long-term applications such as the central
receiver concept, at the expense of small, dispersed systems which
appear to have near-term applications. The DOE is now making
adjustments in the solar thermal program in order to achieve a
more balanced effort. One problem has been that, until recently,
the dispersed concepts had not been well defined and, therefore,
received little support. The balance between central and dispersed
applications needs to be continually monitored to assure that avail-
able funding is apportioned in the most effective manner.

2. EXERCISING EXISTING FEDERAL AUTHORITY

Provisions of the Power Plant and Industrial Fuel Use Act of
1978 (one of the five bills comprising the National Energy Act)
prohibit the use of oil or natural gas in new electric utility genera-
tion facilities or in new industrial boilers with a fuel heat input
rate of 100 million BTU's per hour or greater, unless exemption is
granted by DOE. Similarly, the Act encourages, and in some cases
requires, existing oil and natural gas facilities to convert to coal or
an alternate fuel. If diligently applied by DOE, these provisions
could be used to encourage the construction of new solar thermal
facilities (including repowering operations) to reduce utility de-
pendence on oil and natural gas.

1 5 Inhaber, Dr. Herbert. Risk of Energy Production. Atomic Energy Control Board. Ottawa,Canada. AECB-1119. 1978.
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IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. SUPPLIES

A. Contribution by 1990

Solar thermal power is not a promising near-term technology for
electric power generation. Direct thermal applications for advanced
space cooling, irrigation, and industrial processes hold some prom-
ise for the near-term but the market potential is uncertain.

The present approaches to solar thermal electric conversion are
in the early stages of development and demonstration. Even if
economically attractive technologies were to become available
before 1990 it would be costly and time-consuming to build a suffi-
ciently large number of plants to impact significantly on the total
energy supply. Therefore, any substantive solar thermal capacity
for the utilities industry is a long-term proposition.

The outlook for direct thermal applications in this timeframe
appears somewhat brighter. However, this technology also requires
significant research and development in order to achieve cost re-
ductions necessary to begin initial market penetration.

Given that solar thermal conversion will problably not be attrac-
tive for utility applications by 1990, and direct thermal applications
will also require substantial development before commercialization
can begin, the 1990 contribution of solar thermal energy to U.S.
supplies is likely to be negligible.' 6

B. Contribution By 2000 or Beyond

The DOE estimates the market potential for utility application of
solar thermal electric power generation is 0.4 quads of primary
energy displacement by the year 2000.17 The solar contribution
resulting from direct thermal applications in industry and agricul-
ture could be several times larger than the utility market by the
year 2000, but the uncertainties are greater.1 8 Potential markets
for process heat and total energy systems (combined electric and
thermal requirements) could be significant (2.0 quads according to
DOE estimates) once the lifetime and operational and maintenance
characteristics of cost-effective, dispersed solar thermal technol-
ogies have been demonstrated (see: Agricultural and Industrial
Process Heat Applications of Solar Energy, Section IV).

Is Department of Energy Solar Energy Objectives Calendar Year 1980. COE/CS-0155. April
1980, p. 238.

17 Domestic Policy Review of Solar Energy. A Response Memorandum to the President of the
United States. DOE. TID-22834. February 1979: table 8.

Is Domestic Policy Review of Solar Energy. Final Report (of the) Research, Design, and
Development Panel. TID-28837. DOE. October 1978: tab "D", p. 12.



FLUID HYDROCARBON TECHNOLOGIES

HEAVY OIL

SURVEY OF THE CURRENT SITUATION K

A. Description of the Technology

The production of heavy crude oil (10 to 20 degrees API gravity)
is impeded by viscous resistance to flow in the reservoir at existing
temperatures. The heating of heavy crudes improves their mobility
and, thus, the effectiveness of their recovery. Heat may be intro-
duced into the reservoir by injecting a hot fluid, usually steam or
hot water; by burning some of the heavy oil in place in the reser-
voir; or, in rare instances, by electric heating.

1. INJECTION TECHNOLOGY

The injection of steam into a reservoir to recover heavy oil is
termed steam soaking and steam flooding. Steam injection works
by reducing oil viscosity around the producing well and maintain-
ing a large fraction of the in place oil in a more mobile condition in
areas "swept" by the steam. This reduction in viscosity increases
the influx of oil to the producing well.

Steam soaking, also called cyclic steam injection or huff-and-puff,
is a method in which steam is injected into a producing well for
several weeks. The well is next shut in for a few days and then put
back into production, often with large increases in output. This is
essentially a well bore stimulation technique, and it is sometimes
economic to steam soak the same well several times. However, oil
recovery usually declines with each succeeding stimulation.,

Steam flooding is a continuous injection process which attempts
to displace the oil in a reservoir in a manner similar to that of
conventional waterflooding. The steam is pumped into injection
wells and the oil is displaced to producing wells. However, because
of the relatively high cost of steam production, sometimes the
injection of steam is terminated, at an optimum time, after which
cold water is injected to push the steam already in the reservoir
toward the producing wells. First it is necessary to determine the
maximum temperature desired at the producing wells and then to
use this information to calculate the time at which steam injection
can be terminated and cold water injection begun. Recoveries in
the range of 30 to 40 percent of the in place oil have been reported
for steam floods.2 Steam recovery methods are estimated to have

' Prepared by Joseph P. Riva, Jr., specialist in earth sciences.
XRiva, Joseph P. Secondary and Tertiary Recovery of Oil. Subcommittee on Energy, House

Committee on Science and Astronautics, U.S. Government Printing Office, October 1974, p. 24.* Enhanced Oil Recovery. National Petroleum Council, December 1976, p. 169.
(169)
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the potential for increasing the recovery of heavy oil from a pri-
mary production of 10 percent to as much as 60 percent of the
original oil in place in a reservoirs

2. COMBUSTION TECHNOLOGY

The mechanics of crude oil displacement in an in situ combustion
operation is similar to that which occurs in a steam flood. A steam
drive is generated in a heavy oil reservoir by the vaporization of
reservoir formation water or of injected water. This is accom-
plished by igniting the in place crude oil and maintaining the burn
and moving it along in the reservoir by continuous air injection.
There are three variations of this process. Forward combustion is
the process in which air is injected into a well and the burning
front advanced away from that well, heating and displacing oil and
water to surrounding production wells. In the reverse combustion
process, a short term forward burn is initiated by air injection at
what will eventually become a producing well. The air injection is
then switched to adjacent wells and maintained there. This process
is designed for viscous heavy oil that could not move through a
cold zone in a forward combustion process. Wet combustion, or
combined forward combustion and waterflooding, is a modified
form of forward combustion incorporating the injection of cold
water along with air to recover some of the heat which remains
behind the combustion front.4 The water is heated by the hot
formation and provides a second sweep of the reservoir. The air
requirement is lower with water injection and, at a constant injec-
tion rate, in place oil may be produced faster because of the more
rapid movement of the combustion zone, the increased utilization
of the available energy, and the increased volume of the fluid
injected. The air-water combination thus minimizes the amount of
air which must be injected and the amount of in place oil which
must be burned to maintain combustion, and also improves the
sweep efficiency. Fire-water flooding, properly used, can result in
the recoveries up to 70 percent of the in place oil.5

3. ELECTRIC HEATING TECHNOLOGY

Nonselective electric reservoir heating techniques have been
used on occasion to recover heavy oil., Electrodes can be installed
in water flood injection wells so that an electric current flows
through the in place oil. The oil zone acts as a resistance heating
element and electrical energy is converted to thermal energy. How-
ever, since current density is highest near the injection wells, most
of the heating usually occurs within a few feet of the electrodes.
Since it is usually more expensive to heat a reservoir with electric-
ity than with steam, nonselective electric reservoir heating is

I Geffen, Ted M. Oil Production to Expect From Known Technology. Oil and Gas Journal, May
1973, p. 75.

lyoho, Aniekan Willie. Selecting Enhanced Oil Recovery Processes. World Oil, November
1978, pp. 62-63.

'Geffen, op. cit.
Harvey, A. Herbert and Samy A. El-Feky. Selective Reservoir Heating Could Boost Oil

Recovery. Oil and Gas Journal, Nov. 13, 1978, p. 186.



171

useful only under rather special conditions and commercial appli-
cations of the process have been limited.7

B. Known Resources and Reserves
The original heavy oil in place in the United States is estimated

to be between 110 and 125 billion barrels.8 Of this total 61 billion
barrels is estimated to occur in California, 33.7 billion barrels in
Texas, 6.8 billion barrels in Louisiana, with the rest divided among
Arkansas, Oklahoma, Wyoming, Kansas, Alabama, and Mississip-
pi.9 Since most heavy oils occur at rather shallow depths, it is
unlikely that large volumes remain undiscovered in the United
States.

The in place oil is never totally recovered from a reservoir. This
is particularly true of heavy oil, which has a recovery efficiency
much below that of the lighter oils. The total oil that is estimated
to be recoverable from the known heavy oil reservoirs of the
United States (using thermal enhanced recovery methods) ranges
from 7.47 to 20.5 billion barrels.' 0

C. Current Contribution to US. Energy Supplies
Current heavy oil production from California, the State which

accounts for most domestic heavy oil production, is about 360,000
barrels per day, when measured on a field-by-field basis. However,
since the gravity of crude oil often varies according to its position
in a reservoir, this volume is increased considerably, to over
500,000 barrels per day on a well-by-well basis." Texas produces
about 2,460 barrels of heavy crude per day; Louisiana, 2,370 barrels
per day; Arkansas, 1,300 barrels per day; Wyoming, 850 barrels per
day; Mississippi, 440 barrels per day; and Oklahoma, 200 barrels
per day. This can be compared to a total domestic oil production of
8.3 million barrels per day in 1978.

D. State-of-the-Art
The technology for producing heavy oil is currently available.

While any given technology can be improved, and heavy oil recov-
ery technology is no exception, increased domestic heavy oil pro-
duction is restricted primarily by economics and environmental
constraints, rather than by a lack of technology.

The recovery of heavy oil by the application of heat requires the
consumption of considerable amounts of energy. On the average,
one out of every three barrels of heavy oil recovered is consumed
on the site as fuel to generate well injection steam. In an in situ
combustion operation a significant portion of the in place heavy oil
is burned to produce the underground heat which aids in the
recovery of the remaining oil. If the price of decontrolled heavy oil
rises to a cost-per-BTU level near that of natural gas, given the

' Ibid.
8 Enhanced Oil Recovery., op. cit., pp. 182-183. And Technical Summary, Session C, PresentKnowledge of Occurrences. First International Conference on the Future of Heavy Crude andTar Sands, UNITAR, Edmonton, Alberta, Canada, June 4-12, 1979, Unpublished manuscript.'Enhanced Oil Recovery., op. cit.
IO Ibid. and Technical Session C, Present Knowledges of Occurrences, op. cit.
I I Wilson, Howard W. Heavy Crude Decontrol Sparks Mixed Emotions. Oil and Gas Journal,Sept. 3, 1979, p. 30.
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desirability of burning cleaner natural gas and thus saving on the
cost of air pollution control devices for the steam generators, some
heavy oil producers may sell all of their heavy oil and switch to
natural gas as a generator fuel. However, if this substitution was
applied in all heavy oil fields in California, as much as half of the
State's natural gas production would be needed for heavy oil recov-
ery. 12

Even with thermal stimulation, heavy oil recovery ranges from
only about 5 to 100 barrels of oil per day per well. Per well
recoveries of over 100 barrels per day of heavy oil are rare in the
United States. Thus, heavy oil recovery is as much as 100 times
less than per well recovery from some giant fields that contain
lighter crudes. As many as 100 times the number of wells needed
for a conventional giant field would be needed for a similar sized
heavy oil field to achieve the same rate of production. Since it is
not economic to drill wells at this density, the heavy field necessar-
ily would be produced at a much slower rate than the conventional
field. However, many more wells would still have to be drilled in
the heavy oil field than in the conventional oil field and expensive
recovery techniques put into operation. The result even after this
much increased investment; compared to the conventional field, is
that less total oil would be produced and production would be
slower. As one barrel of heavy oil is combusted, on the average, to
produce the steam necessary to net two barrels of recovery heavy
oil and further combustion is often necessary to heat the heavy oil
so that it will flow in a pipeline, air pollution may become a
problem. Thus, further expenditures are often necessary for air
pollution control devices.

E. Current Research and Development

Research is in progress involving the recovery of heavy oil. One
suggestion to improve the steam injection process is the "hot plate"
heavy oil method. Heat is provided by injecting steam beneath the
heavy oil reservoir by using horizontal holes directionally drilled
under the reservoir in a radial pattern from a large diameter
central well. This variation in steam recovery technology is de-
signed to lessen the use of steam, thus saving on fuel, and to
recover an increased percentage (estimated at up to 65 percent) of
the in palce oil in a shorter period of time (estimated to be about
five years). 13 A demonstration project has been tentatively
planned.

The heat loss which occurs when steam is injected thousands of
feet down a borehole is a serious problem for heavy oil producers.
A borehole steam generator is under development at Sandia Labo-
ratories which may assist in the solution of this problem. The
generator counters down hole heat loss by replacing the usual 20
by 40 foot surface boiler with a combustion chamber small enough
to enter the seven inch borehole of an injection well. The elimina-
tion of the surface boiler would also aid in the problem of air
pollution. Currently several models of the down hole generator are

12 Hendon, Jim. California Heavy Oil Expansion Linked to Pollution Control Price. The Oil
Daily, July 31, 1979.

' "Hot Plate" Heavy Oil Process Demonstration Due. Oil and Gas Journal, July 23, 1979, p.
35.



173

being tested, but a number of technical problems remain beforeany model becomes commercial.1 4

Another process, in the developmental stage, is one in whichcombustion gases are superheated above ground and pumped downthe injection wells in a closed system. Initial tests have been suc-cessful, with a considerable increase in heavy oil production record-ed.1 5

In the area of electric reservoir heating, a new technique hasbeen suggested in which the heat is applied selectively to thoseparts of the reservoir that are bypassed by a waterflood or anotherrecovery process. Techniques are available to concentrate the heatin desired portions of the reservoir. Mathematical simulation ap-pears to be the best method available to predict the response of areservoir to selective heating, but thus far the newer electricaltechniques have not been field tested.16 Although expensive, selec-tive electric heating of heavy oil has been suggested for areas inwhich other thermal techniques cannot be employed because of airpollution problems. Another process similar to electric heating isradio frequency heating. In theory, a conductor pattern, based onthe electrical properties of the reservoir and contained fluids, canbe selected to assure that radio frequency energy generated in thereservoir is absorbed by the in place oil. This process may allow forthe treatment of larger reservoir volumes than is permitted by thesteam and combustion method, which often bypasses portions ofthe reservoir. Research on this process is underway.17
Federal research and development activities concerning the ex-ploitation of heavy oil deposits are the responsibility of the Divi-sion of Fossil Fuel Extraction of the U.S. Department of Energy(DOE). Currently four DOE oil field projects are underway. Theseinclude steam floods, in-situ combustion projects, and deep steaminjection. In most of the projects, the cost is shared with thecontractor.18 Currently four DOE supporting research projects areunderway. These projects are concerned with heavy oil resources inMissouri and with the technical aspects of heavy oil recovery proc-esses.19 The DOE fiscal year 1980 Congressional Budget Requestcontained a Thermal Recovery program (for heavy oil) that hadbeen greatly reduced from that of the previous year. Fiscal year1980 base funding for heavy oil recovery projects was $7.25 million.The request for fiscal year 1981 was $7.9 million, an increase of$650,000. Areas considered necessary for continued support includethe study of additives to improve the sweep efficiency of a steamflood and research on the extension of depth limits for steaminjection projects.2 0

'4Heavy Oil: Can Technology Convert "Gunk" to Five Million Barrels Per Day of Fuel?Energy Research Reports, Aug. 27, 1979.
I

5
Ibid.

'9 Harvey, and El-Faky, op. cit., p. 190.
'Heavy Oil: Can Technology Convert "Gunk" to Five Million Barrels Per Day of Fuel? Op.cit.

1
8Enhanced Oil and Gas Recovery and Improved Drilling Technology. Progress ReviewNumber 20. Quarter Ending Sept. 30, 1979, U.S. Department of Energy, Division of Fossil FuelExtraction, Bartlesville, Oklahoma, June 1, 1979, pp. 88-91.1 [bid., pp. 92-96.2
0Department of Energy. Fiscal year 1981 Congressional Budget Request. Vol. 6, FossilEnergy Research and Development, Energy Production, Demonstration, and Distribution, Janu-ary 1980, p. 128.
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II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

The President ordered that heavy crude oil be exempted from
price controls, effective August 17, 1979. He also requested that
Congress exempt heavy oil from the proposed excise tax on decon-
trolled oil. The Presidential order applies to oil from leases on
which production prior to July 1979 averaged 16 degrees API grav-
ity or less.

Before decontrol, heavy oil, like the lighter crudes, sold at three
price levels, depending upon its classification. Lower tier or "old
heavy oil" averaged about $5.50 per barrel; upper tier or "new
heavy oil" and "released heavy oil' (also controlled) averaged about
$11.75 per barrel; and the free market price of stripper heavy oil
averaged about $15.50 per barrel. Since the average of upper tier
and lower tier prices was about $8.60, owners of newly decontrolled
heavy oil production received price increases averaging about $6.90
per barrel.

Of immediate concern to heavy oil producers was the Federal
decision to limit the definition of heavy oil to 16 degrees API
gravity, rather than using the more generally accepted API gravity
figure of 20 degrees.21 If the definition were changed to include
heavy oil up to 20 degrees API gravity, an estimated additional
150,000 barrels per day of heavy oil would also be decontrolled.

The definition of heavy oil has subsequently been changed to 20
degrees API gravity, but an excise tax of 30 percent on decon-
trolled heavy oil output was included in the Windfall Profits Tax
Act.

Since successful techniques for the production and processing of
heavy oil though expensive are now in use, an increased price will
be an important factor in further development.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

The steam generators, which are used to produce the injection
steam for thermally enhanced heavy oil production, have been the
cause of substantial air pollution problems in California. Enforce-
ment of Federal air quality requirements has resulted in the cur-
tailment of the operation of some steam generators. The heavy oil
producers feel that, unless air pollution standards are eased in
Kern County and in other California heavy oil producing areas, the
pace and the amount of the increase in heavy oil production will
not meet the projections of the Administration. 2 2

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990

The Administration estimates that the order decontrolling heavy
oil prices will stimulate heavy crude production, adding 200,000
barrels per day by 1985 and 500,000 barrels per day by 1990 to the
current heavy oil production of about 500,000 barrels per day.23

21Wilson, Howard W. Heavy Crude Decontrol Sparks Mixed Emotions. Oil and Gas Journal,
Sept. 3, 1979, p. 30.

22 Carter Orders Decontrol of Heavy Crude. Oil and Gas Journal, Aug. 27, 1979, pp. 38-39.
23 Smith, Donna. Carter Decontrols Heavy Oil. The Oil Daily. Aug. 20, 1979.
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B. Contribution by 2000 or Beyond
It appears that the amount of heavy crude oil in the world maybe about equal to the amount of lighter crude oil. However, thedistribution of these two kinds of oil is not uniform. The heavycrudes occur mostly in the Western Hemisphere, while the lightercrudes occur mostly in the Eastern Hemisphere. The heaviercrudes are a much less desirable energy resource than the lightercrudes, for they are much more costly to extract and to process.However, as they have not been exploited to the degree of thelighter crudes, they remain available for development. Heavy oildevelopment becomes more vital as the supply of the lighter crudesfails to match demand, causing oil prices to rise and shortages todevelop. The extent to which domestic heavy oil can substitute forlighter oil depends upon economics, environmental constraints, andthe total amount of recoverable domestic heavy crude, currentlyestimated to range from 7.47 to 20.5 billion barrels.Heavy oil is currently being produced at a reserve/productionratio of about 100/1 in contrast to 9/1 for conventional oil. Thisrate can be improved by the year 2000 but it is not reasonable toexpect that it will ever approach the 9/1 rate for conventional oil.An increase in heavy oil production to 1 million barrels per dayby 1990 would result in a reserve/production ratio of about 30/1.By 2000, it may be possible to increase production (and again lowerthe reserves/production ratio) but this does not appear likely, dueto the slow recovery rates of heavy oil.

Nonetheless, heavy oil will play an increasingly important rolein the domestic energy supply mix. It is a known resource withrelatively short lead times for development.



OIL SHALE *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology

Oil shale is a sedimentary rock containing various amounts of
solid organic material called kerogen. When heated to about 900
degrees F, shale yields hydrocarbons and a variety of solid prod-
ucts, most of which represent unuseable wastes. The hydrocarbons,
however, can be processed into liquid and gaseous petroleum prod-
ucts including middle distillate fuels (both jet and diesel) and gaso-
line. Shale oil is considered to be a synthetic fuel.

Oil shale may be processed either above or below ground. Above-
ground processing, utilizing conventional surface or deep mining
techniques, involves a sequence of three basic steps-mining, crush-
ing, and retorting (heating)-to produce the desired hydrocarbon
end-products. Below ground processing of oil shale differs from the
above ground process in that retorting to produce oil and gas takes
place underground, or in situ. The oil shale is fractured or broken
underground by explosives and then heated by a controlled under-
ground fire. Fuels produced from the oil shale are then pumped to
the surface and collected.

B. Known Resources and Reserves

The emerging U.S. oil shale industry has primarily focused its
attention on high grade oil shales, those containing twenty-five
gallons or more of oil equivalent per ton. These resources, located
in Colorado, Utah, and Wyoming, are estimated to contain more
than 730 billion barrels of oil equivalent; 600 billion barrels in
Colorado, almost 65 billion barrels in Utah, and 60 billion barrels
in Wyoming., Leaner oil shales containing ten to twenty-five gal-
lons of oil equivalent per ton are estimated to contain roughly
twenty-six trillion barrels of oil.2 These resources extend to the
limits of the Green River Formation in Utah and Wyoming and are
also found in ten eastern and middle western States.3

The economic feasibility of commercial-scale processing technol-
ogy has not yet been demonstrated in the United States. Therefore,
U.S. oil shale deposits must be classified as a resource, rather than
as a reserve.

This chapter deals only with the high grade, western oil shales,
because these deposits are the focus of industry's commercialization
efforts.

'Prepared by Paul F. Rothberg, specialist in physical sciences.
' Cameron Engineers, Inc. Overview of Synthetic Fuels Potential to 1990. Denver, Colo., 1979,

p. 
9
.

' U.S. Department of Energy. Commercialization Strategy Report for Oil Shale. (Draft) 1978. p.

' Ibid., p. 2.
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C. Current Contribution to U.S. Energy Supplies
Only experimental amounts of shale oil are currently being pro-duced. Thus, the current contribution of oil shale to U.S. energy

supplies is negligible.
D. State-of-the-Art

Above ground retorting processes thus far have been tested onlyin pilot plant facilities. Both industry and Federal oil shale tech-
nologists judge that several of these processes are now ready for
scale-up and testing in commercial modules or units producing
about 9,000 to 10,000 barrels per day.4

Several in situ processes have been tested over the last fifteen
years. One of the processes closest to being commercialized, which
uses a combination of underground mining and in situ combustion,
has already cost its developers approximately $100 million for de-
velopment and testing. To date, six experimental tests have been
completed, resulting in both high and low rates of recovery efficien-
cy. Several more years of continued work may be necessary before
the reliability of this process has been proven. The developers
estimate that this process will produce 50,000 barrels of shale oil
per day by 1985 at a commercial facility in Colorado currently
under constructions This projection may prove too optimistic, but
an assessment of its accuracy must await the results of further
experiments by the developers. If low recovery rates are obtained
in subsequent tests, commercial plans could be delayed.6

E Current Research and Development
The Department of Energy (DOE), with the participation of in-dustry, is conducting a research and development program on oil

shale. The near-term objective of DOE's program is to improve thetechnology base for commercial projects that could be constructed
by 1985. The DOE's current program includes work on various in
situ processing technologies, production research on both eastern
and western oil shale, and environmental studies related to in situ
processes under development. This program's appropriation for
fiscal year 1979 was $48.6 million and the fiscal year 1980 appropri-
ation is $28.2 million. The fiscal year 1981 request is roughly $36
million.

DOE's long-term objective (post 1985) is to improve substantially
the economics and environmental acceptability of oil shale process-
es. DOE's long-term program focuses on research on advanced sur-
face and in situ process concepts that could result in improved
energy efficiency, higher resource recovery, and/or reduced envi-
ronmental emissions and residuals.

Based on the current and anticipated level of industrial activity,
the private sector may invest more than $5 billion over the next 10years in projects aimed at commercializing shale technology.7 The
private sector is also conducting research on several proprietary

For additional information on the state of oil shale technology see: U.S. Department ofEnergy. Oil Shale R.D. & D. Program Management Plan. (Draft). June 25, 1979. Appendix B.Personal communication with officials of the Occidental Petroleum Corporation, 1979.For additional information see: Cameron Engineers, Inc., op. cit., p. 16.
'For a detailed list of oil projects and associated investment plans see: Rothberg, Paul. CRSIssue Brief 74060 entitled "Oil Shale Development: Outlook, Current Activity, and Constraints."



178

processes; however, the amount spent on these efforts is unavail-
able.

Commercial or large oil shale plants are either operating or
planned in Russia, Brazil, and China. Since the geological charac-
teristics of these resources, the types of processes, and the institu-
tional constraints associated with these projects differ from those
associated with U.S. projects, foreign oil shale projects are expected
to have minor effect on the development of a U.S. oil shale indus-
try.

II. REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development

Based on a review of the current state of technology, DOE has
identified the following technical needs that "should receive the
highest priority" in its research, development, and demonstration
(R. D. & D.) program:

(a) Technology for preparation of in situ retorting;
(b) Process operating procedures;
(c) Work on retort abandonment plans, i.e., necessary steps

to seal underground processing chambers after oil recovery is
completed;

(d) Water management techniques;
(e) Work on designs for large and small mining systems;
(1) Development of control instrumentation and methods for

in situ retorting; and
(g) Guidelines to ensure the health and safety of workers.8

Over the long-term, additional research, development, and dem-
onstration in these areas could advance the current state of tech-
nology. However, as discussed below in section II. C, commercializa-
tion activities, including projects testing modular retorting units,
will probably have a more significant impact than R.D. & D. on
fostering the near-term growth of the oil shale industry.9

B. Demonstration

See II. A, above.

C. Commercialization

By testing technology at the commercial or modular level, in-
dustry and government would gain experience in handling the
institutional, regulatory, economic, and environmental constraints
associated with large scale oil shale projects. Operation of commer-
cial modules could foster the near-term growth of a shale oil
industry by providing: (a) Information on actual air emissions
and aqueous discharges; (b) information on the effectiveness of
systems designed to protect air, water, and land quality; (c) experi-
ence in handling the problems of scaling-up existing processes; (d)
experience in regulating and financing this developing industry;
and (e) experience in dealing with other constraints facing oil shale
projects. Research and development, which is performed in the
laboratory or at small scale facilities, is not intended or designed to

8 U.S. Department of Energy, Oil Shale R. D. & D. Program Management Plan, op. cit.,p. vi.
9 A commercial plant using above ground technology could consist of a series of moular

units, each unit producing roughly 9,000 to 10,000 barrels per day.
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yield the same quality or type of information or experience that isgained in the commercialization of large scale modules or projects.Companies seeking to produce shale oil are involved in a range ofcommercialization activities. Several companies have been workingon the mine development and engineering design of commercial oilshale projects for over a year. Several other companies are waitingfor the resolution of legal problems associated with proposed pro-jects. Some companies have applied to the Department of the Inte-rior to obtain land exchanges that, if granted, could encouragecommercialization to proceed. Other companies are beginning to:(1) apply for Federal and State permits or certificates to constructand operate commercial plants, (2) apply for DOE funds to conductproject feasibility studies or to enter into cooperative arrangementswith DOE, or (3) prepare for financial incentives to be offered bythe SFC.
If the first few commercial modules prove economically feasible,technically reliable, and environmentally acceptable, the outlookfor the industry would be substantially improved.'O Some compa-nies would then build a series of modules-perhaps five or sixidentical units each producing about 9,000 and 10,000 barrels perday-integrated into a commercial plant producing 50,000 barrelsper day. Information on the expected costs of a commercial facilityis provided in III. B, below.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

A. Technical
As previously discussed in Section I. D. above, the major techni-cal barrier to above ground retorting is that the processes have notyet been scaled-up to the commercial module level. A major techni-cal problem with some in situ processes is that these processes donot yet consistently yield a high return of product after every testand thus these processes are not commercially reliable.

B. Economic "1
The economic constraints associated with oil shale commer-cialization are important factors limiting development in theUnited States. The emerging oil shale industry faces many econom-ic uncertainties including:

(a) Future production costs which may increase substantial-
ly;

(b) The future competitive price of oil in international mar-kets;
(c) The huge capital required to construct a commercial proj-ect; and
(d) The risks of major project delays, which could also sub-stantially increase project costs. 12

lo Some companies may skip the singular modular stage and simultaneously build a series ofmodules.
I I The Synthetic Fuels Corporation, which is discussed later in this chapter, is authorized toprovide an array of economic incentives to reduce the economic constraints described in this
12 Cameron Engineers, Inc. Shale Oil Status Report. Denver, Colo., 1979, p. 20.
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It has been suggested that the major problem facing the oil shale
industry is the attraction of capital.' 3 In view of the risks and
uncertainties, many companies are reluctant to invest the $1.2-$2.5
billion necessary to construct an above ground plant or the $1-$1.1
billion required for an in situ plant, each producing about 50,000
barrels of fuel per day.' 4 Even the largest companies obviously
must carefully scrutinize an investment of this size.

Given current economic conditions and Federal policies affecting
synfuels commercialization, some companies are continuing their
cautious approach towards investment in oil shale facilities. Feder-
al economic incentives, such as investment or production tax cred-
its, prices supports, and possibly loan guarantees, could stimulate
increasedi industrial activity. On the other hand, some companies
have announced that they intend to move forward with proposed
projects. Economic incentives provided by DOE or the Synthetic
Fuels Corporation could accelerate the commercialization of oil
shale technologies.

C. Environmental

The high quality U.S. oil shales are located in semi-arid, pristine
regions of the country. A large scale industry, i.e., one producing
roughly 100,000 to 200,000 barrels per day, might adversely affect
human health and safety, fauna and flora, grazing and agricultural
activities, and water and air quality. Some shale processing sys-
tems have been shown to release small quantities of polycyclic
hydrocarbons, including some potentially carcinogenic agents. Sur-
face fauna and flora might be distributed by commercial operations
and by the disposal of huge quantities of tailings, or wastes. Mining
operations could disturb the land and could result in mining in-
juries or deaths. Processing systems might pollute both water and
air. However, a diversity of environmental control technologies,
such as water effluent collection systems, revegetation practices,
and gas cleaning operations, could reduce some of the adverse
environmental impacts of oil shale development. 15

In situ or underground mining of shale offers several advantages
over conventional mining and surface processing, both economic
and environmental. In situ processing could require less manpower,
consume less water, emit less pollutants to the environment, and
reduce significantly the quantity of spent shale wastes that require
disposal. However, many of the environmental and occupational
safety aspects of in situ processing, such as potential underground
water contamination and the presence of workers underground
during mining and combustion operations, have not yet been com-
pleted addressed. 16

The developing oil shale industry faces other environmental or
regulatory constraints, such as the complex array of Federal, State,
and local environmental laws and standards. It remains uncertain
whether commercial plants, incorporating appropriate pollution
control technology and industrial hygiene practices, will meet all

1II Ibid.
14The uncertainty associated with these estimates should be emphasized. Capital intensive

projects, such as an oil shale facility, frequently experience substantial cost overruns. However,

these capital requirements reflect a range of estimates cited in the literature.
'5 For a detailed examination of the environmental impacts of shale development see: Envi-

ronmental Protection Agency. Oil Shale and the Environment. EPA-600/9-77-033. Washington,
1977.

16 U.S. Department of Energy, Commercialization Strategy Report for Oil Shale, op. cit., p. 8.
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applicable Federal and State environmental standards. Severalcompanies have already spent several years seeking the numerousenvironmental permits required to operate commercial facilities.In the press and before congressional hearings, environmentalgroups, representatives of western States, and others have ex-pressed much concern over the potential environmental impactsdescribed above. Adverse public reaction or opinion of these possi-ble impacts, whether justified or not, has served as a constraint tooil shale development.
D. Social

High quality, western oil shale deposits are located in sparselypopulated regions of the Western United States. A crash commer-cialization program would cause many adverse social and economicproblems for many small, western towns that do not have theinfrastructure to support the influx of construction and operationworkers and their families. On the other hand, a shale industrywould provide many new job opportunities and increase the taxbase of many communities. 1 7

E. Political
The emerging oil shale industry faces many political constraints,including complicated Federal and State regulatory policies, uncer-tainty regarding environmental standards, and changing Federaleconomic policies affecting commercialization. Many companieshave complained to Congress that there is no clearly defined andcoordinated Federal policy which clearly specifies the Federal rolein oil shale development. Until recently, Congress had not yetpassed a law providing substantial incentives that would encouragecommercialization. The lack of a "Federal Oil Shale Policy" createdmajor problems and uncertainties for industry. For example, acompany planning to invest in a project had to make substantialfinancial decisions without knowing: whether the Federal Govern-ment would sponsor its own commercial projects; the terms underwhich additional Federal shale properties would be leased; whethermajor Federal economic incentives would be provided to promoteproduction; and the effect of Federal environmental policies on oilshale operations. 8

However, the 96th Congress has devoted much attention to legis-lation that will affect synfuels commercialization and that couldhelp clarify the Federal role in this area. Two new initiatives thatreceived considerable attention were proposals to create the UnitedStates Synthetic Fuels Corporation (SFC) and the Energy Mobiliza-tion Board (EMB). The SFC is authorized to provide major econom-ic incentives for commercialization and the EMB might have expe-dited regulatory decisions affecting commercialization. Thus, theseagencies might have significantly influenced the feasibility of com-
17 For additional information on the expected social-economic impacts see: U.S. Congress.Senate. Committee on Environment and Public Works. Inland Energy Development ImpactAssistance. 95th Congress, 1st Session. (Washington, Government Printing Office, 1977).IS Examples of these and other uncertainties associated with the Federal role in oil shaledevelopment are cited in: U.S. Congress. Senate Committee on Energy and National Resources.Energy Supply Act. (Titles III, IV, and V). 96th Congress 1st Session. (Washington, GovernmentPrinting Office, 1979).
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mercial oil shale plants by reducing many of the uncertainties
previously discussed.19However, only the SFC legislation was enacted
into law.

F. Legal

Two major legal problems that were previously associated with
oil shale commercialization were: (a) Pending lawsuits filed by the
State of Utah and Colorado that seek title to Federally-owned shale
lands, and (b) contested ownership of 43,000 acres to unpatented
mining claims filed on oil shale properties that were claimed under
the Mining Law of 1872.20 Due to these legal problems, several
companies have suspended since about 1977 work on two certain
tracts of the Federal Prototype Oil Shale Leasing Program. Howev-
er, the U.S. Supreme Court in May and June 1980 issued two
decisions that affect these legal constraints; however, the long-term
effect of these decisions on the future of oil shale development
remains uncertain.

G. Water Supply Constraints

Commercial oil shale projects will require substantial quanties of
water from the Colorado River Basin, which is in a semi-arid
region of the country. Realizing this need, development companies
have undertaken major efforts to obtain high-priority water rights,
which would ensure a reliable supply of this resource. For example,
many companies have acquired substantial water rights over the
last thirty years. Western water law generally follows the appropri-
ation principle that earlier acquired water rights shall have prior-
ity over later acquired water rights. Thus, it appears that many
companies have some legal rights to use western water resources
as provided by conditional state decrees.21

The extent to which oil shale operations will adversely affect
agricultural and other water consumers is uncertain. Factors that
will influence the extent of future water problems include: the
source and amount of water needed for oil shale projects and other
energy projects in the Colorado River Basin, the source and
amount of water needed for agricultural and other users, and
water rights in this region of the country. Some shale developers
intend to supply all process water for initial development from
underground saline aquifers. Other companies either own direct
diversion water rights on the Colorado River, have purchased
option rights on proposed new Colorado River Water Conservation
District reservoirs, or are negotiating for supplemental water sup-
plies from existing Water and Power Resources Service Reservoirs.
However, if agricultural users are unwilling to sell water rights to
energy companies, oil shale development might be limited in some
areas. The availability of water will remain over the long term a
dominant constraining factor for both energy and agricultural pro-
duction in the west.22

As indicated above, the amount of water used by oil shale devel-
opers is an important factor that will affect the future water
supply problems of the Colorado River Basin. The amount of water

'9 Legislation creating the EMB is still before Congress.
20 Cameron Engineers, Inc. Shale Oil Status Report, op. cit., p. 19.
21 U.S. Department of the Interior. Final Environmental Statement for the Prototype Oil

Shale Leasing Program. (Washington, Government Printing Office, 1973), p. 11-30.
22 Cameron Engineers, Inc., op. cit., pp. 13-15.
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required for oil shale will depend partly on the type of process thatis used. Several processes have recently been advanced that requiresubstantially less water than older processes. For example, usingthe modified in situ process should considerably reduce water con-sumption. One estimate indicates that plant water consumptioncould be reduced some twenty percent by using this technology inlieu of surface processing. 23 Technology to recycle water used in oilshale operations can also increase the efficiency of using water.The actual amount of shale oil production will also influence theextent of future water supply concerns. Many industry and Federalofficials have recently reduced their forecasts of the level of shaleoil production expected by 1985 and 1990. Concurrently, forecastershave also reduced the projected water requirements for near-termshale oil production. Some researchers have suggested that thewater-short Upper Colorado River Basin, where the major depositsof oil shale are located, should have sufficient water for energydevelopment until at least 2000.24 However, other groups havefrequently stated that supplies of western water resources may beconstrained by arguments over water rights and environmentalrestrictions and that shortages of water may occur in specificareas. 2 5

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990
As previously indicated, there are long lead times and uncertain-ties associated with commercialization. Considerable time is re-quired to start a small plant, to learn by actual operation, tooptimize new or improved designs, and to construct new operatingunits. This process can take about eight or nine years.2 6

If the first commercial modules or plants are commercialized by1986 or 1987 and if the Federal Government provides substantialeconomic incentives, the current and anticipated level of industrialactivity indicates that a production level of 60,000 to 250,000 bar-rels per day could be reached by 1990.27 The upper level could bereached if major Federal economic incentives-either price sup-ports, guaranteed purchases, or tax incentives-are provided, and ifenvironmental regulations or legal proceeding do not significantlydelay production. If industry encounters major technical regulatoryor environment problems during the first few years of commercialoperations, production may reach only 60,000 barrels per day or,perhaps, even less.

23 Comptroller General of the United States. Water Supply Should Not Be An Obstacle ToMeeting Energy Development Goals. CED 80-30. January 1980, p. 22.24 [bid., p. iii.
25 U.S. Water Resources Council. The Nation's Water Resources 1975-2000. Second NationalAssessment. (Washington, Government Printing Office, 1978).
25 U.S. Congress. House. Committee on Science and Technology. Oversight on AlternativeLiquid Fuels Technology. 96th Congress, 1st. session (Washington, Government Printing Office,1979), p. 218.
27 Similar range of estimates has been prepared by Cameron Engineers, Inc., see: CameronEngineers, Inc. Overview of Synthetic Fuels Potential to 1990, op. cit., p. 100.
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B. Contribution by 2000 or Beyond

At the current stage of industrial development, estimates of

shale oil production beyond 1990 are highly speculative. Should
production reach 100,000-500,000 barrels per day by 1990, it seems
reasonable to expect that roughly 180,000-450,000 barrels per day
could be produced by 2000.28 The uncertainty associated with any

estimate of long-term shale oil production should be emphasized.
Production levels beyond 1990 could be influenced by numerous
factors, including: (a) The price and availability of world oil; (b) the
price differential between conventional oil and shale oil; (c) the
success of oil shale operations during the 1980's; (d) the effects of
Federal policies on the growth of an oil shale industry; (e) the

availability of water, and (I) the industry's ability to meet pollution
standards.

28 Similar range of estimates has been prepared by CONAES, see: Committee on Nuclear and

Alternative Energy Systems. (CONAES) U.S. Energy Supply Prospects to 2010. (Washington,

National Academy of Sciences, 1979), p. 88.



UNCONVENTIONAL GAS *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology
Unconventional gas is usually considered to occur in four geo-logic environments: dissolved or entrained in hot geopressured

waters; in joints and fractures or absorbed into the matrix ofDevonian age shales; in tight (impermeable) sandstones; and in coalseams.
Although there is no gas known to be produced from geopres-sured zones, the technology to drill and produce geopressured fluidsis available. Drilling equipment for deep wells has been improvedover the past several years and is now considered adequate for themechanical loads, pressures, and temperatures that will be encoun-tered in 20,000 foot geopressured wells.,
The technology for producing gas from Devonian shales includesdrilling (a mature technology) and well stimulation by either explo-sives or hydraulic fracturing. Traditionally, Devonian shale wellshave been stimulated by "shooting" with explosives. However,more expensive normal hydraulic fracturing (pumping a fluidunder high pressure into the shale formation) may increase recov-ery compared to shooting, and is being used more often as gasprices rise.
Tight gas sand wells are also stimulated by hydraulic fracturing.With tight gas sands, however, massive hydraulic fracturing isused. Massive fracturing is a volume designation only. Since tightgas sands are massive, it is not possible to penetrate them effective-ly with the 30,000 to 50,000 gallons of fluid normally used. Stimula-tion effectiveness can be improved with extremely large volumesand with fluid-diversion techniques. Massive fracture stimulationcan require a half million gallons of gelled fluid and a millionpounds of proppant sand (used to keep the fractures open when thegel is removed).2 It is desirable to achieve a single propped open,vertical or near-vertical fracture, which extends outward from1,000 to 2,000 feet in opposite directions from the well. The heightof the fracture could vary from 100 to 500 feet and provide apressure sink and channel for gas to flow from the gas saturatedzones to the well.3
Proved technology is at hand to produce gas from permeable coalbeds by horizontal drilling into virgin coal from shaft bottoms; byhorizontal drilling into virgin coal from outside entries of advanc-

Prepared by Joseph P. Riva, Jr., specialist in earth sciences.:Boyd, W. E. Drilling and Completion Procedures for a Geopressured Water Producer. Paperpresented at American Gas Association Seminar on Geopressured Gas Resources, Arlington,Va., June 13, 1978.
2 Massive Frac Succeeds on Deep Mesaverde Gas. Oil & Gas Journal, Jan. 13, 1975.' Natural Gas From Unconventional Geologic Sources. Board on Mineral Resources, Commis-sion on Natural Resources, National Academy of Sciences, Energy Research and DevelopmentAdministration, FE-2271-1, 1976, pp. 128-9.
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ing underground mines, with the piping of the gas to the surface;
and by drilling vertical wells from the surface into coalbeds, fol-
lowed by stimulation to increase flow rates.4

B. Known Resources and Reserves

The most recent U.S. Geological Survey assessment of domestic
geothermal resources estimates the recoverable methane contained
in the geopressured deposits of the Gulf Coast to range from 158 to
1,640 trillion cubic feet.5 Another study places technically recover-
able geopressured gas in the Gulf area at 42 trillion cubic feet.,
Other much larger resource base figures have been proposed, but
these figures do not take into account the factor of recovery, which
will be only about 5 percent of the in place fluids. It is also
important to note that the estimates given are of resources and not
of reserves. Geopressured gas reserves are zero. There are no
known geopressured gas deposits which can be economically ex-
tracted using existing technology and whose volume has been esti-
mated from geologic evidence supported directly be engineering
measurements.

The U.S. Geological Survey estimated, in 1976, the in place De-
vonian shale gas resource to be between 500 and 600 trillion cubic
feet.7 Since recovery is estimated to be between 2 and 10 percent of
the inplace gas, due to the low permability of the shales, recover-
able gas resources would range between 10 and 60 trillion cubic
feet. A 1979 DOE-industry assessment estimates potentially recov-
erable Devonian shale gas in the eastern United States to be be-
tween 200 and 900 trillion cubic feet.8 It is again important to
realize that these are not reverse figures. There are about 10,000
wells currently producing gas from the Devonian shale. Rates of
production are generally low, but long lasting. Reserves of Devon-
ian shale gas have been calculated from the geological and engi-
neering data from these wells. Using this method the total ulti-
mate recoverable Devonian shale gas reserves were estimated in
1976 to range from 2.56 to 3.38 trillion cubic feet. 9

The amount of natural gas that might be recovered from very
tight gas sandstones in the United States is quite speculative. The
in place gas has been estimated to be 600 trillion cubic feet in the
Mesa Verde formation in three major Rocky Mountain basins with
another 600 trillion cubic feet postulated for other geologic prov-
inces.' 0 If the 600 trillion cubic feet figure is used, 40 to 50 percent
of this (240 to 300 trillion cubic feet) might be recovered if an

Ibid., p, 195.
Muffler, L. J. P. Assessment of Geothermal Resources of the United States-19

7 8. Geological

Survey Circular 790, Arlington, Va., 1979, pp. 159-60.
Kuushraa, Velo A., J. P. Brashear, Todd M. Doscher, Lloyd Elkins. Vast Potential Held by

Four "Unconventional" Gas Sources. Oil & Gas Journal, June 12, 1978, p. 53.
7 Dewitt, Wallace. Current Investigations of Devonian Shale by the U.S. Geological Survey.

Natural Gas From Unconventional Geologic Sources. National Academy of Sciences, Washing-

ton, D.C., 1976, pp. 113-115.
8 Project Assesses Eastern Shale Gas Resource. Oil & Gas Journal, Oct. 22, 1979, p. 26.

9 Brown, Porter J. Energy From Shale-A Little Used Natural Resource. Natural Gas From

Unconventional Geologic Sources. National Academy of Sciences, Washington, D.C., 1976, p. 90.

10 Elkins, Lloyd E. The Role of Massive Hydraulic Fracturing in Exploiting Very Tight Gas

Deposits. Natural Gas From Unconventional Geologic Sources. National Academy of Scienes,

Washington, D.C., 1976, p. 128.
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effective stimulation technique were developed.'I Again, this is not
a reserve figure. Production from tight gas sands is currently about
1 trillion cubic feet per year, and it is from these wells that
reserves would have to be calculated. If the reserves/production
ratio of 10/1, which is applicable in conventional oil and gas depos-
its, is applied to tight sands, reserves would be about 10 trillion
cubic feet.

The amount of gas contained in coalbeds in the United States
has been estimated to be at least 300 trillion cubic feet.' 2 This is a
resource base figure which could be extended as additional infor-
mation becomes available on the thickness and continuity of
deeper coal formations.

The initial target for recovering natural gas from coal seams is
the 80 billion cubic feet of gas emitted annually from working coal
mines.'3 This figure may be considered as being similar to a re-
serve. There is currently no production of natural gas from coal
purely on a commercial basis; it is all vented. '4 However gas has
been produced from coalbeds in three demonstrations by the
Bureau of Mines. Two of these projects delivered gas to an inter-
state pipelines. 15

C. Current Contribution to U.S. Energy Supplies
There is no commercial gas production known to be derived from

a geopressured deposit. Yearly production from Devonian shales is
estimated to be about 100 billion cubic feet.' 6 Gas production from
tight sands is currently about 1 trillion cubic feet per year, or
about 5 percent of domestic gas production.' 7 There is no purely
commercial production of natural gas from coal seams; the gas is
all vented. ' 8

D. State-of-the-Art

Drilling methods and equipment for geopressured wells are con-
sidered to be adequate. To produce the gas, high flow rates of the
hot saline geopressured fluids must be maintained in areas of thick
formations of high porosity and permeability. The erosion of equip-
ment by sand present in the produced fluids must be controlled.

Normally, Devonian shale gas wells drilled by conventional
methods are stimulated by "shooting" with solid explosives. Recent-
ly, however, attention has shifted toward hydraulic stimulation
(fracturing) and liquid explosives. Such treatment has met with
varying degrees of success.

Massive hydraulic fracturing is necessary to produce gas com-
mercially from a tight sandstone. In an experimental well, vertical
cracks that extended as far as 4,000 feet from the well, were
opened at depths of from 9,000 to 11,000. Thus, extensive fracturing
can be accomplished. The test well, however, was not successful in
terms of gas production. Geological conditions are not uniform in

I Luetkehans, Gerald R. Gas in Tight Sands. Natural Gas From Unconventional Geologic
Sources. National Academy of Sciences, Washington, D.C., 1976, p. 167.

I2 Deul, Maurice. Natural Gas From Coalbeds. Natural Gas From Unconventional Geologic
Sources. National Academy of Sciences, Washington, D.C., 1976, p. 194.

13 Kuuskraa, Vello A., et. al., op. cit., pp. 51-2.
14Ibid.

Deul, op. cit., p. 195.
18 Kuuskraa, Vello A. et. al., op. cit., p. 51.
17 Department of Energy, personal communication, Nov. 19, 1979.
18 Kuuskraa, op. cit.
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tight gas sands areas, which accounts for the success of some
projects and the failure of others.

The technology exists to produce gas from permeable coal beds
by both horizontal and vertical drilling. However, since coal is
impermeable, the gas must flow either through the natural frac-
ture system in the coal or diffuse through its micropores. Produc-
tion rates and duration of production have been too low or uncer-
tain to offset the costs of well drilling, water removal, compression,
piping, stimulation, gas purification, and gathering costs all associ-
ated with the commercial recovery of methane from coal seams."9

E. Current Research and Development

The Department of Energy (DOE) 1981 budget request for the
unconventional gas development program was $30.548 million. The
goal of the program is to achieve meaningful increases in the levels
of production of natural gas from marginal wells and from uncon-
ventional gas resources. 20 The principal objectives of the unconven-
tional gas development program include the acceleration of the
development and utilization of natural gas from coal seams, Devon-
ian shales, and tight gas sands. The $30.548 million fiscal year 1981
request is divided into $12.4 million for tight gas sands; $12.4
million for Devonian shale gas; and $5.0 million for gas from coal
seams.2' The balance is for environmental support and capital
equipment.

Under the Geothermal Program, the DOE requested $36.0 mil-
lion for fiscal year 1981 geopressured resources programs, initially
to emphasize gas recovery.

The Eastern Gas Shales project is an effort directed toward
increasing natural gas production from the Devonian shales of the
Appalachian, Illinois, and Michigan Basins. Work underway in-
cludes: an assessment of the gas potential of the Michigan basin;
well stimulation tests in the Appalachian Basin; test well drilling
in the Illinois Basin; foam fracturing tests for Devonian Shale
stimulation; and methematical modeling of fluid flows in shale
reservoirs.2 2

The Western Gas Sands project is an effort directed at greatly
increasing gas production from the low permeability (tight) gas
sandstones of the Western and Southern United States. Initial
emphasis has been placed on the Picenace (Colorado), Unita (Utah),
Great Plains (Montana and North Dakota), and Cotton Valley
(Texas) areas. Geological assessments of these areas are underway.
Drilling and logging of wells in which to initiate stimulation of the
gas reservoirs is also in process. Mathematical models of fluid flow
and proppant transport are being developed; and environmental
regulations and restrictions related to drilling, stimulation, and gas
production are being studied.23

In order to demonstrate the feasibility of methane recovery from
coalbeds, an effort is underway to quantify the resource through

19 Ibid., p. 53.
20 Department of Energy. Fiscal year 1981 Congressional Budget Request. Vol. 6, Fossil

Energy Research and Development, Energy Production, Demonstration, and Distribution, Janu-
ary 1980, p. 146.

21 Ibid.
22 Ibid., p. 148.
2J Ibid., p. 149.
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cooperative coring and testing programs with industry, to verify
production prediction models, and to assess possible effects on un-
mined coalbeds of extraction techniques that could be incorporated
into future mining plans. Tests of technology, such as a turbodrill
to drill a hole directionally into a western coal seam are also
underway. 2 4

The geopressured resources program will attempt to assess the
geopressured resource to identify optimum reservoirs for commer-
cial production; to identify incentives to stimulate private develop-
ment; and to seek to resolve institutional, legal, and environmental
barriers to development. Gulf Coast wells are being drilled and
tested for geopressured resource production by DOE.2

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

The major requirement for the commercialization of a larger
portion of the unconventional gas resource is increased economic
incentives. A special incentive price of 150 percent of the price
allowed as of October 1979 under the National Gas Policy Act for
new, onshore production wells has been proposed for gas from tight
sands by the Federal Energy Regulatory Commission. The price
would be allowed to escalate under the monthly inflation and
adjustment factor prescribed by the Act.26 The proposal contains a
simple legal definition of a tight formation: tight formations are
those which have low production rates due to low permeability, for
which an appropriate tight formation enhanced recovery technol-
ogy is available. An appropriate stimulation technology requires
that the method increase production rates substantially and be
more expensive than usual techniques. 27 A preliminary list of tight
formations in the West considered candidates for tight formation
classification has been compiled, with further additions expected
later. Wells drilled into these formations must be expected to pro-
duce an average of 200,000 cubic feet of gas per day or less with no
stimulation. 2 8 The well drilled into a tight formation must have
been spudded 29 on or after August 17, 1979. No new well drilled
into a reservoir which can be effectively and efficiently drained by
an old well can qualify as a tight formation well under the pro-
posed rule.30 Once an area is designated as a tight formation, any
well completed in the formation will qualify for the incentive price;
regardless of actual production figures. At present only hydraulic
fracturing and explosive fracturing are proven commercial, tight
sand stimulation methods, although other techniques may be devel-
oped later.

Also, the Federal Energy Regulatory Commission officially lifted
price controls on certain categories of unconventional gas on No-
vember 1, 1979, by issuing interim regulations defining the uncon-
ventional gas categories eligible. The gas categories eligible for
free-market pricing under Federal Energy Regulatory Commission

24 Ibid., p. 149-50.
2
5 Riva, Joseph P. Energy Potential of Gulf Coast Geopressured Deposits. Congressional Re-search Service, Library of Congress, Report No. 79-18 SPR, TN 880, pp. 17-24.

26Incentive Price Proposed for Tight Natural Gas. Oil and Gas Journal, Sept. 10, 1979, p. 260.27 Ibid.
2 8 Ibid.
2 9 "Spudded" is a technical term meaning that actual drilling has commenced.3 0 Ibid.
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definitions included: production from geopressured brine, with at
least 10,000 parts per million sodium chloride and initial pressure
gradient in excess of 0.465 pounds per square inch for each vertical
foot of depth; production from coal seams; and production from
Devonian shale.31 In order to be eligible to sell such high cost gas
at an unregulated price, a producer must obtain a determination
from a State jurisdictional agency that the wells involved are
drilled into one of the three high cost formations.

On the basis of required information, in the form of well logs and
tests, the State jurisdictional agency will make a preliminary de-
termination as to whether the well does qualify. Notice of this
determination is then sent to the Federal Energy Regulatory Com-
mission which has 45 days for review. The determination will
become final after this period of time, unless the Commission has
found reason for reversal.3 2

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

While the most popular characterization of the tight gas sand
basins of the West is of low permeability, this is only one of several
geological problems that have limited commercial development. All
of these tight sands are low quality and are often highly discontin-
uous or lenticular.3 3 As formation permeability drops, recovery
efficiency becomes highly sensitive to even small permeability
changes. When low permeability combines with lenticular forma-
tions an additional problem arises. The principal commercial suc-
cesses in tight formation have been in the relatively continuous
blanket type sands, but most of the tight gas sands are notably
discontinuous.3 4 Massive hydraulic fracturing has been successful
in lenticular formations only where the individual lenses are large
relative to the normal well drainage area or where the individual
lenses are developed in conjunction with vertically adjacent blan-
ket formations.3 5 In addition to low permeability and frequent
lenticularity, the gas containing sands of the tight basins are of low
quality relative to conventional gas formations. Even though the
sands can range in thickness from 2,000 to 5,000 feet, the portions
from which gas can be extracted may be only a few hundred feet
thick and may also be dispersed in relatively thin (10 feet or less)
zones interbedded with clays and shales.3 6

Also, the gas sand segments often contain high levels of forma-
tion water that impede gas flow in the fracture system. Since
porosities are low (usually between 5 and 15 percent), this com-
bined with relatively high formation water saturations (40 to 70
percent) reduces the gas filled porosity in the sands to levels from
less than 3 to seldom over 9 percent. 37 Finally, the gas zones in
tight basins often contain clays that swell when contacted by drill-
ing or fracturing fluids, unless the fluids contain chemicals de-
signed to inhibit such swelling.

" Four Categories of Gas Get Market Pricing. Oil & Gas Journal, Nov. 5, 1979, p. 37.
3 2 Ibid.
3 Kuuskraa, op. cit., p. 48.

3 4 Ibid. p. 49.
3 Ilbid.
SIbid.
37 Ibid.
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Thus, geology and reservoir characteristics impose limits on the
amount of commercial gas that can be recovered from tight sands.
To further utilize this difficult resource, it is necessary that frac-
turing technology move toward a method of stimulation of all gas
zone intervals exposed to the well bore, by using multiple fractures
engineered from the same well. Also, such fractures should inter-
sect, in lenticular formations, sand lenses not initially in contact
with the well bore. Fracturing technology should attempt to main-
tain an effectively propped fracture, thus providing an adequate
passage for the movement of gas to the well.

Reservoir stimulation and the production history of Devonian
shale gas reservoirs indicates that the gas which is recovered is the
gas which occurs in well-connected fracture porosity. 38 The esti-
mated recovery efficiency is quite high (45 to 60 percent for shot
wells and 55 to 65 percent for fractured wells after 30 years of
production). The higher free market prices will probably promote
infill drilling in developed areas to exploit reservoir volumes that
have only been partially drained due to the low permeability of the
fine fracture network.

To reach higher production rates and increased ultimate recov-
ery, a research and development effort will be needed to improve
the understanding of the locations in a basin where the Devonian
shale is intensely fractured and thus a good gas producing pros-
pect. Also, the application of dual well completion technology to
produce marginal shales along with other gas bearing sands would
be significant as would increasing the vertical efficiency of well
stimulation techniques.3 9

In general, the Appalachian basin coal seams may be too thin
and contain too little gas to support commercial recovery. 40 A
better target for recovering gas from coal may be the thick, bitumi-
nous coal seams of Colorado and the other western States.41 The
evaluation of potential commercial production of gas from coal
seams should include ways in which the recovery costs can be
considered to enhance safety and productivity as well as to produce
saleable gas. Evaluations should, in addition, consider methane
productivity from deep, currently unminable, coal seams having
highly favorable geological characteristics for the recovery of gas.

Several technological problems must be solved before geopres-
sured gas is commercialized. This includes overcoming any produc-
tion problems that might constrain high production rates. The
poorly consolidated nature of the reservoir sands may significantly
reduce permeability near the well bore as the pressure is lowered
during production. The two main environmental problems associat-
ed with the production of gas from geopressured deposits concern
the proper disposal of the large volumes of brine which are expect-
ed to be produced along with the gas, and the possible land subsi-
dence which may occur upon the withdrawal of large volumes of
underground fluids. Slight subsidence, which would scarely be no-
ticed in many areas, could be serious in the low lying regions of the
Gulf Coast. The disposal of produced brine into the same forma-
tions from which it came could solve this problem, but the cost of

38 Ibid., p. 51.
3hbid.
40 Ibid., pp. 51-52.
41 Ibid., p. 52.
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deep wells would seriously reduce the economic attractiveness of
geopressured gas development.4 2

It has been estimated that, to maintain current levels of oil and
gas production, oil and gas capital requirements would have to rise
from a current $20 billion annually (1978) to $142 billion in 1990
(current dollars). This is estimated to be 21 percent of the Nation's
total investment in 1990, as compared to only 9 percent last year.
The oil and gas industry is thought unlikely to capture such a high
proportion of the total business investment.4 3

IV. POTENTIAL CONTRIBUTION To FUTURE U.S. ENERGY SUPPLIES

It is very difficult to project the potential contribution from
resources which, in some cases, are not now commercial.

However, when four categories of gas (deep gas, geopressured
gas, coal seam gas, and Devonian shale~ gas) were released from
price controls to be sold at the market price, the Administration
estimated that this action would lead to the production of an
additional 1 to 2 trillion cubic feet of gas, but no time frame was
given for this estimate.4 4

In the case of tight gas sands, about 1 trillion cubic feet of gas
per year is currently being produced, from a resource base esti-
mated to be between 600 and 1,200 trillion cubic feet. Of this
resource base, 50 to 350 trillion cubic feet ultimately may be recov-
erable with improved technology. 45 It has been estimated that by
1990 annual production from tight gas sands may total between 2
and 8 trillion cubic feet.46 If an ultimate recovery of only 50
trillion cubic feet is accomplished, however, it is doubtful that
recovery will exceed 5 trillion cubic feet (reserves/production ratio
of 10/1) during any one year. Production beyond 1990 could contin-
ue to increase, if between 2 and 4 trillion cubic feet were achieved
by 1990, but would probably level off or decrease if the higher
production figures (4 to 8 trillion cubic feet) were reached early.47

This is because if the higher production were achieved before 1990,
the large amount of recovered gas would be projected to exhaust
the better tight sand deposits, leaving the only poorer deposits for
the time period after 1990, and, hence resulting in a decline in
production.

Yearly Devonian shale gas production is estimated at about 100
billion cubic feet. This is produced from a reserve estimated to
range between 2.56 and 3.38 trillion cubic feet, with a recoverable
resource base estimated at between 10 and 560 trillion cubic feet.48

Gas production from Devonian shale in 1990 has been estimated
to range between 0.1 and 0.6 trillion cubic feet.4 9 Production after
1990 is projected to decline as the better deposits become exhaust-
ed.50 However, if the higher recoverable resource estimates prove
correct, this decline will probably not occur.

42 Riva, Joseph P., op. cit., pp. 25-27.
43 An Energy Viewpoint From Bankers Trust. Hon. John W. Wydler, Congressional Record,

Nov. 8, 1979, p. E5519.
"' Four Categories of Gas Get Market Pricing., op. cit.
45 Energy Research Reports. Mar. 19, 1979.
"6 Kuuskraa, op. cit. p. 50.
"Ibid.
"Energy Research Reports, op. cit.
"Kuuskraa, op. cit. p. 52.
Bo0hid.
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There is currently no commercial production of natural gas from
coal seams. The amount of gas contained in coal seams in the
United States has been estimated to be at least 300 trillion cubic
feet, a figure that could be extended with additional information.
Another estimate places a range of 16 to 500 trillion cubic feet as
the potential coal seam gas resource which may become recover-
able.51 Gas production from coal seams has been estimated to
range from 0.04 to 0.05 trillion cubic feet in 1990 and to continue to
increase in volume to from 0.05 to 0.08 trillion cubic feet per year
by 2000.52

At the present time there is no commercial production of natural
gas from geopressured deposits. The Federal Government has had
an active research and development program concerning the
geopressured resource since 1975. One of the objectives of this
program is to produce geopressured gas. The DOE anticipated that
in 1985 the amount of commercial geopressured gas produced will
range from 0 to 20 billion cubic feet. The DOE projection for 2000
is between 2 and 4 trillion. cubic- feet.53 It is difficult to estimate
whether geopressured gas will ever make.a significant contribution
to domestic energy supply. It would take a geopressured reservoir
the size of Prudhoe Bay to contain 2 trillion cubic feet of gas, of
which-only 0.1 trillion cubic feet might be recovered. 5 4 However, if
the- amount of dissolved and immobile gas in some geopressured
reservoirs is sufficiently large, the possibility exists that it may be
produced with reduced amounts of associated brine. If this proves
to be the case, commercial gas production from smaller geopres-
sured deposits may be possible.

51 Energy Research Reports., op. cit.
52 Kuuskraa, op. cit. p. 51.
53 DiBona, Bennie G. Overview of the Federal Geopressured-Geothermal Energy Resource

Development Program. Gas Supply Review, American Gas Association, October 1978, p. 9.5 4
Doscher, T. M., Osborne, S. W. Rhee, T. Wilson, and D. Cox. Methane From Geopressured

Aquifers Studies. Oil & Gas Journal, Apr. 9, 1979, p. 178.



ORGANIC CONVERSION TECHNOLOGIES

ENERGY FROM MUNICIPAL SOLID WASTES *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology'
"Energy from Solid Wastes" (ESW) processes recapture and uti-lize the organic or combustible portions of solid wastes. Many

systems use mechanical means to separate the organic or combusti-ble portions of solid wastes from materials that cannot be burned
or used for energy purposes. The general process involves homog-enization of the waste materials by size reduction (e.g., shreddingor crushing) and separation by size, weight, shape, density, andother physical properties. A typical processing system would utilizeshredding for size reduction of raw refuse, followed by some form ofair classification to further separate the combustible materialsfrom the noncombustible materials. The combustible portion iscalled refuse-derived fuel (RDF). Such fuel can be mixed with coaland derivates of this fuel can be mixed with oil and burned in aconventional utility boiler. Some plants do not produce RDF, butsimply burn the wastes directly or convert the combustible portionsof solid wastes into gaseous or liquid products. Some ESW plantsalso recover glass and metals from solid wastes.

A typical plant processing 1,000 tons of wastes daily would bedesigned to:
(a) Produce upwards of two trillion Btus of low-sulfur fuelper year, the equivalent of roughly 300,000 barrels of oil;
(b) Recover in a year as much as 20,000 tons of ferrous

metals, 1,200 tons of aluminum and other non-ferrous metals,
and 15,000 tons of glass for use by industry in various manu-facturing processes; and

(c) Reduce the amount of material requiring land disposalfrom over 300,000 tons per year of mixed wastes (including
organic wastes and metals) to about 60,000 tons per year ofrelatively inert material.2

Prepared by Paul F. Rothberg, specialist in physical sciences.
lThis chapter focuses on the large-scale production of fuels from municipal solid wastes. Theproduction of fuels from forestry or agricultural wastes is considered in the chapters dealingwith alcohol fuels.
'Statement by Barker, James L. in U.S. Congress. House. Committee on Science and Technol-oy and Committee on Interstate and Foreign Commerce. Subcommittee on Energy Develop-

(195)
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B. Known Resources and Reserves

Recent estimates indicate that the amount of municipal solid
wastes generated in the United States each year totals about 130-
200 million tons. These wastes, plus approximately 14 million tons
of sewage solids, are resources potentially available for ESW sys-
tems.3 Thus, the theoretical energy potential of ESW processes is
roughly 200 million barrels of oil each year, if one assumes that
roughly one ton of waste can be converted to one barrel of oil.4

However, much of the resource base is widely dispersed over large
geographic areas and cannot be economically collected and trans-
ported to a centrally-located facility. Therefore, ESW plants are
generally constructed in areas where a large volume-at least sev-
eral hundred tons-of wastes can be economically supplied each
day.

C. Current Contribution to US. Energy Supplies

Less than 10,000 barrels of oil equivalent per day is currently
produced at ESW plants.5

D. State-of-the-Art

The state-of-the-art of ESW process ranges from systems proven
sucessful at the commerical scale to systems being tested in the
laboratory.

The most technically developed processes are "waterwall fur-
naces" that directly burn wastes and recover steam. Over 250 of
these plants now operate in Europe and Japan. About eight of
these plants currently operate in the United States, although three
of these were originally constructed as incinerators., Because these
processes have been used for many years, some manufacturers will
guarantee their operating performance.

Some plants that produce RDF have been operating for years;
some are nearing completion; and some are proceeding through
"shake-down," the period required to solve or reduce the technical
problems of process operations. Although plants producing RDF
have experienced many technical problems, many advances in this
technology have been made over the last ten years. Some plants
have signed firm contracts with buyers willing to pay substantial
prices for RDF products. If the plants prove capable of delivery
RDF and recovered products on a reliable basis, the economic
feasibility of this process would be improved, i.e., as technical
reliability improves so does economic feasibility.

Processes that gasify or liquefy wastes are in the early stages of
innovation and still require additional research, development, and

ment and Applications and the Subcommittee on Transportation and Commerce, Waste-to-
Energy. 96th Congress, 1st session (Washington, Government Printing Office, 1979), pp. 253-274.

'Ibid.
'Thermal efficiencies of different processes vary. Some processes may yield more than one

barrel of oil equivalent per ton of waste processed, some may yield less. For purposes of

calculation, the conversion factor of one ton of waste being roughly equivalent to one barrel of
oil is used.

' Production level is calculated from data on production capacity of active ESW projects as
compiled by: National Center for Resource Recovery. "Resource Recovery Activities" March
1980, 7 p. Calculation assumes that one ton of processed municipal solid wastes yields roughly
one barrel of oil equivalent.

I U.S. Department of Energy. Commericalization Strategy Report for Energy from Urban
Wastes. (Draft) 1978, p. 5.
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demonstration.7 Manufacturers are generally reluctant to under-
write the performance of these systems.

E. Current Research and Development
The DOE is authorized to support research, development, anddemonstration of ESW processes, as well as to offer financial incen-tives to communities seeking to construct commerical demonstra-

tion facilities. One of DOE's objectives is to conduct research anddevelopment to provide technological options for planners so theymay select an ESW system applicable to specific local conditions.'
The DOE's appropriation for its fiscal year 1979 program was $13million and the appropriation for its fiscal year 1980 program is$13.5 million.

The private sector has invested substantial sums in commercial
ESW projects; however, the total amount spent is unavailable.

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT
Research, development, and demonstration of ESW processes

could improve the reliability of sytems components; reduce thematerials problems (e.g., corrosion) of existing systems; improve theefficiency of current operations; and advance the current state oftechnology. New or improved processes, equipment, and designscould result from an intensive Federal/industry program designedto advance ESW systems.9

Although research, development, and demonstration activities
are important, commercialization activities could foster the near-term contribution of ESW systems to U.S. energy supplies. Aboutsixty commercial or large scale systems are now either in the finalplanning, construction, or operational phase. Successful commer-cialization of these plants might convince industry and community
groups, as well as state and local governments, to sponsor ESWprojects. Current projects could also provide useful information toother groups planning future ESW plants.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION 10

Several significant problems currently impede rapid widespreadcommercialization of ESW systems. First, the process of commer-cializing an ESW project is time consuming and expensive andinvolves a variety of participants, including State and local govern-
ments faced with growing waste disposal problems, industry groupsowning proprietary ESW processes, trash collection agencies andcitizens wanting to dispose of their trash, and companies seeking topurchase recycled materials. If all of these groups cooperate, thechance of a project succeeding is greatly increased. Project partic-pants face many risks and uncertanties, including financing prob-lems, legal constraints, and sometimes public opposition to a proj-

Barker, James L., op cit., p. 7.
From Annual DOE Budget Submittal to Congress for fiscal year 1979.

'For additional information on research and development needs see: Unpublished testimonyof Audrey Buyrn before Subcommittee on Energy Development and Applications of the HouseCommittee on the House Committee on Science and Technology, March 11, 1980.0This section is primarily based on the testimony of Barker, James L., op. cit., pp. 253-74.
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ect. Experience to date suggests that the time required to advance
a project from the concept stage to full-scale operations is often in
excess of five years and expenditures can total more than $100
million. I I

Second, economic conditions in local energy markets can often
deter the construction of a project. The economic feasibility of ESW
plants is generally least promising where waste disposal costs are
low and where low-sulfur coal or other fuels are abundant and
cheap. The economic feasibility of ESW plants is generally most
promising in areas where fuel and waste disposal costs are high.

Third, sponsors of ESW projects face major technical uncertain-
ties that can discourage ventures at the early planning stages.
Although many ESW systems are currently under construction,
there is not much operating experience on which to judge these
projects. Thus, an accurate assessment of long-term performance
and reliability of these systems is unavailable to prospective buyers
and users.

Fourth, the ESW industry faces market and institutional con-
straints. For a variety of reasons, many industrial companies and
public utilities are reluctant to depend on ESW plants as a major
source of their fuel needs. Some ESW frequently break down or do
not operate at full capacity, and thus cannot be counted on for
supplying a secure, long-term source of fuel. Because the output
level of these plants is uncertain, the demand for ESW products is
substantially reduced. In addition, the market for some products,
such as steam, is limited by physical constraints: steam cannot be
stored for long periods or transported economically long distances.

Finally, the ESW industry is faced with the problem of dealing
with many cautious municipalities that are reluctant to participate
in ESW projects. Such institutions tend to avoid involvement in an
innovative, risky, and expensive venture such as an ESW plant.
Another institutional problem is the difficulty of establishing a
regional system for waste collection and processing. In many cases,
several communities must pool their solid wastes in order to meet
the input requirements of an ESW plant.

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990

As previously indicated, the commercialization of ESW plants is
a rather lengthy and difficult process that involves many uncer-
tainties. The current and anticipated level of industrial activity
indicates the ESW plants could produce about 20,000 to 85,000
barrels of oil equivalent per day by 1990.12 The lower estimate is
based on the assumption that only about one half of the design
capacity of the plants that are built, operating, in shakedown,
under construction, or in the final contract-signing stages is
reached by 1990. The higher estimate assumes that all of these
plants reach design capacity and an additional 45,000 barrels of
daily capacity is obtained from plants that are in the advanced

I For a plant processing about 2,000 tons per day of municipal solid wastes.
"Current and anticipated level of industrial activity is based on data from: National Center

for Resource Recovery, op. cit.
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planning stages, have issued requests for proposals, or are negotiat-
ing with bidders/contractors.

B. Contribution by 2000 or Beyond

At the current stage of industrial development, estimates of the
expected contribution of ESW plants beyond 1990 are highly specu-
lative. Factors that are likely to influence the long-term contribu-
tion of ESW plants include:

(a) The degree of technical success experienced by plants
currently planned or underway;

(b) The effect of Federal and State policies on this industry;
(c) The price and availability of imported oil and domestic

gas;
(d) The amount of the tipping fee, i.e., the fee charged to

dump solid wastes, received by ESW plants; and
(e) The need to find ways to reduce the Nation's solid waste

disposal problems. 1 3

'
3

ESW plants reduce the volume of solid waste requiring disposal.
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I. SURVEY OF CURRENT SITUATION

A. Description of Technology

Grain (or other agricultural material) can be distilled in a fer-
mentation plant to produce ethyl alcohol (ethanol). The alcohol can
then be used to operate automobile engines, either by itself or in a
10 percent blend with gasoline. The alcohol-gasoline blend has
become known as "gasohol." The supply, on a nationwide scale, is
limited; to produce a 10 percent blend of "gasohol" nationwide, 40
percent of the grain harvest would have to be used (infra.). Cattle
feed and carbon dioxide would be produced as byproducts in the
distillation process.

B. Known Resources and Reserves

The supply situation with regard to ethanol from grain, as com-
pared to U.S. automotive requirements, may be summarized as
follows: Nearly 110 billion gallons of gasoline are used by auto-
mobiles in the United States annually to meet national needs. If
alcohol were used in a 10 percent alcohol/90 percent gasoline
blend, 11 billion gallons of alcohol would be required. At 2.55
gallons per bushel, 4.3 billion bushels of grain are needed for this
amount of alcohol. The total U.S. grain harvest is approximately 10
billion bushels. Substituting alcohol for 10 percent of the gasoline
currently used, therefore, would require over 40 percent of the U.S.
grain harvest. Putting it another way, all our grain harvest, if
burned as pure alcohol fuel, would only replace about 25 percent of
our annual gasoline requirements. Thus, the supply problem would
make use of grain-derived ethanol impractical as a general replace-
ment for gasoline, although lesser and specialized limited uses may
be feasible.

The supply problem would still exist even if idle lands were to be
used for fuel production purposes. In 1979, about 22 million acres
were idled under .supply control programs. These acres might be
expected to produce about 900 million bushels of grain, which could
be converted to about 2.3 billion gallons of alcohol. Therefore, using
all the available surplus land to produce alcohol fuel would only
add about another 2 percent of the national fuel supply to the 25
percent potentially available from all of the existing grain harvest.

The capability for obtaining alcohol fuels from sugar crops (sugar
cane and sugar beets) in the United States is substantially less
than that for obtaining alcohol fuels from grain. The national total
for sugar produced in the United States in 1977 was estimated at
6.26 million tons. The Department of Agriculture estimates that
164 gallons of alcohol could be obtained per ton of sugar produced.
Therefore, if the entire sugar crop were used for this purpose, 1,027

Prepared by Migdon R. Segal, analyst in energy technology.

(200)



201

million, or roughly 1 billion gallons of alcohol would be produced.
This would only be enough to fill 1 percent of the national auto-
motive need or 10 percent of the national requirement for a 10
percent blend.

If cellulose can be converted to ethanol, it would then become
feasible to produce ethanol from wood, from agricultural byprod-
ucts such as cornstalks and the like, and from municipal solid
waste (MSW). This would greatly increase the available supply of
feedstocks from which ethanol can be derived. One method for
converting the cellulose to ethanol involves converting the cellulose
to glucose, using an enzymatic hydrolysis process. The glucose is
then fermented to produce alcohol. This and similar processes have
been demonstrated in the laboratory, but not yet on a large scale.
Alcohol fuel advocates claim that a "breakthrough" in this impor-
tant field of research may be imminent.

C. Current Contribution to U.S. Energy Supplies
Gasohol blends containing 10 percent ethanol and 90 percent

gasoline are marketed at hundreds of gasoline stations in the
United States. The amount of alcohol fuel being produced national-
ly in late 1980 was approximately 120 million gallons per year,
which is only 1.2 percent of the 10 billion gallons that would be
necessary for a 10 percent gasohol blend nationwide.

D. State-of-the-Art

The technology for making alcohol from grain and other agricul-
tural crops is relatively unsophisticated, and alcohol "stills' have
been built for this purpose for perhaps thousands of years. Howev-
er, making alcohol from agricultural crops in an energy-efficient
way requires more advanced technology. At present, the alcohol for
"gasohol" now on sale is made in alcoholic beverage distilleries
converted for this purpose. These facilities are old and were not
designed with energy efficiency in mind. Questions have been
raised as to whether the net energy balance for such facilities
would be negative, i.e. would more energy be consumed than is
available from the alcohol once produced?

The Department of Energy (DOE), addressing this question in its
"Alcohol Fuels Policy Review," states that new ethanol production
plants could be built with much greater efficiencies than existing
plants, and the energy balance for a modern facility would be
positive to a slight degree, i.e., more energy would be available in
the alcohol fuel than was used to produce that fuel.' This is the
most positive statement made thus far by a government agency
with respect to the energy balance question.

E. Current Research and Development

1. UNITED STATES

Federal funding for research and development for alcohol fuels
(including both ethanol and methanol) for fiscal year 1980 is an

-"The Report of the Alcohol Fuels Policy Review," U.S. Department of Energy, Assistant
Secretary for Policy Evaluation, June 1979, p. 15.
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estimated $18.45 million, of which $15.2 million is in the DOE
budget, and $3.25 million in the Department of Agriculture budget.
For fiscal year 1981, an estimated $24.9 million was requested,
$19.0 under DOE and $5.9 under USDA. Most of this funding is for
fuels from biomass. (This includes funding for both ethanol and
methanol.)

Commercialization of ethanol as a fuel, in the "gasohol" blend of
90 percent gasoline to 10 percent alcohol, is well under way. Com-
mercialization is taking place in the private sector of the economy,
without direct governmental involvement. However, the National
Energy Act motor fuel excise tax exemption, which is worth 4 cents
per gallon of blend or 40 cents per gallon of alcohol used in a ten
percent blend, is widely believed to have been a major stimulus to
the growth of a "gasohol" industry. The expiration date of this
exemption has been extended from 1984 to 1992 in Public Law 96-
223, the Crude Oil Windfall Profit Tax Act of 1980, which was
signed into law in April 1980. Similar tax exemptions also exist in
many of the States in regard to State gasoline taxes. Gasohol is
now being sold in more than a thousand gasoline stations around
the United States.

2. BRAZIL

Brazil has taken the lead in alcohol fuels development, and has
established a national policy of replacing gasoline with "home-
grown" alcohol as an automotive fuel to the maximum extent
feasible. This decision was made by the Government in 1975 with
the purpose of reducing the balance of payments deficit resulting
from the need to import petroleum by taking advantage of Brazil's
enormous land area and tropical climate to grow crops specifically
for fuel purposes. Sugar cane is the current energy-producing crop,
although Brazil is also experimenting with manioc, a tropical root
crop, for future use.

The Brazilian Government has spent $2.5 billion on this effort,
and has budgeted twice that amount for the next five years.
Annual alcohol production is 4 billion liters (1.05 billion gallons)
per year. The national goal of attaining a 20 percent mixture by
1980 is said to have been achieved. This amount is considered to be
the maximum percentage of alcohol (ethanol) which can be used in
existing automobiles without engine modification.

A new goal of increasing the alcohol production capacity to 10.7
billion liters per year (2.82 billion gallons per year) by 1985 has
now been set. In keeping with the goal, the government has recent-
ly signed an agreement with Brazilian automobile manufacturers
calling for the production of 250,000 alcohol-powered vehicles a
year over the next five years. Another 500,000 existing automobiles
are to be converted to run on pure alcohol.

3. OTHER NATIONS

In addition to the United States and Brazil, Guatemala, Austria,
Switzerland, and Australia are among the nations having shown
some interest in alcohol fuels.
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H. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development

The technology for manufacturing ethanol is well-understood but
requires improvements to make "gasohol" a practical alternative
fuel. Further work would be useful on a number of questions
associated with ethanol, including (but not necessarily limited to)
the following:

1. ECONOMICS OF ALCOHOL FUELS MANUFACTURE

This work would be significant since it would be desirable to
lower the cost of fuel alcohol from the present level of nearly $1.50
per gallon.

2. ENERGY BALANCE

The energy balance question, previously mentioned, has certainly
not been closed by the DOE "Policy Review" study, and it would be
important to show that the energy balance for a modern distilla-
tion plant can, in fact, be positive (or if negative, that the cost in
non-petroleum fuels such as coal is small enough to justify a nega-
tive energy balance).

3. AUTOMOTIVE MILEAGE

As yet no definitive conclusion has been reached on the question
of whether the automotive mileage achieved with gasohol, or with
pure ethanol, is less than or greater than that achievable with
gasoline. Ethanol has only two-thirds the energy value per gallon
than does gasoline, but gasohol proponents claim that it burns
more efficiently and thus compensates for its lower inherent
energy value as compared to gasoline. This question must be dealt
with for ethanol to be seriously evaluated as an automotive fuel.2

4. FEEDSTOCKS

Most alcohol is currently made from corn. A variety of other
agricultural crops have been suggested as sources of fuel alcohol,
including sugar cane, wheat, and beet sorghum. In addition, work
is now underway on the breakdown of cellulose to form ethanol, a
process which would make it feasible to produce ethanol from
wood, from municipal solid wastes (MSW), and from agricultural
byproducts such as cornstalks. A practical cellulose-to-ethanol proc-
ess would vastly increase the potential supply of ethanol feed-
stocks, and therefore make ethanol a more practical candidate for
large-scale use as a fuel.

5. ENVIRONMENTAL POLLUTION

No definitive conclusions have yet been reached as to whether
alcohol fuels, alone or in a "gasohol" blend, are more or less
polluting than gasoline. According to the Department of Energy,
there is no significant advantage or disadvantage for these fuels as
opposed to gasoline. As emissions of CO and unburned hydrocar-
bons are decreased, NOx emissions may be either increased or

2 "Alcohol Fuels Policy Review," op. cit., p. 17.
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decreased, and aldehyde and evaporative emissions are increased.3

The State of California has concluded that gasohol tends to in-
crease air pollution, because of the increase in evaporative emis-
sions from the carburetor after the vehicle has stopped.4 The ques-
tion appears to need further study.

B. Demonstration

Demonstration projects would presumably be required in the
areas discussed under "Research and Development," above, i.e.,
economics, energy balance, automotive mileage, and choice of feed-
stocks. With regard to feedstocks, the Agriculture Department was
authorized by. the Congress (under Public Law 95-113) to build four
pilot plants, at up to $15 million each, to investigate various con-
cepts for obtaining energy from agricultural or forest products. The
four pilot plants have now tentatively been awarded. Two of them
involve alcohol fuels. They are:

(a) A plant to produce alcohol from bagasse (sugar cane
wastes), to be -built in Florida by Suchem, and Biomass -Corpo-
ration, subsidiaries, respectively, of U.S. Sugar and Savannah
Foods.

(b) A plant to produce ethanol from grain sorghum, sweet
sorghum, and sugar cane molasses, to be built at Santa Rosa,
Texas by Midwest Solvents, Inc., of Kansas.

Demonstration projects dealing with economics of manufacture,
energy balance, and automotive mileage have not yet been
planned, since such projects were not specifically authorized by
law. However, such projects would be highly useful to alchohol
fuels development.

C. Commercialization

1. CAPITAL

In DOE's "Alcohol Fuels Program Plan," 5 it is stated that ten 30
million gallons per-year fermentation plants could be built by 1985
at a cumulative investment of nearly $500 million. If this estimate
is accurate, than each million gallons per year of ethanol plant
capacity would cost roughly $1.67 million. Enough ethanol plant
capacity for a 10 percent "gasohol" mixture nationwide (assuming
the raw materials could be found to make 10 billion gallons of
ethanol), would-then cost approximately $17 billion.

2. TIME

The unique appeal of the 10 percent "gasohol" blend of ethanol
and gasoline is that it is available today, and DOE considers it the
only alternative fuel likely to be available in any quantity before
1985.

Ethanol fuel production was estimated by DOE (in June 1979) to
increase from its currrent level of 60 million gallons per year, to
300 million gallons per year by 1982, and to 500 to 600 million

"Report of the Alcohol Fuels Policy Review," op. cit., p. 108.
4 "Controlled Use of Gasohol in State Urged," Los Angeles Times, Mar. 27, 1980, p. 1.

b U.S. Department of Energy. Office of the Under Secretary. Task Force on Alcohol Fuels.

"Alcohol Fuels Program Plan. March 1978, pp. 2-7.
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gallons per year by 1985. Other projections are more optimistic. In
connection with the January 1980 embargo on the sale of grain to
the Soviet Union, the Carter Administration announced its inten-
tion to achieve a goal of 500 million gallons per year of ethanol
production capacity by the end of 1981. This is an ambitious target,
and there is some question as to whether it can, in fact, be
reached. 6 The National Gasohol Commission states that goals of 5
percent of United States gasoline needs by 1985, and 10 percent by
1990, are realistic. These would amount to 5 billion and 10 billion
gallons, respectively. Such projections relating to the distant
future, by their nature, may not be highly reliable, since they
depend on such variables as plant construction, feedstock availabil-
ity (such as a practical cellulose conversion project), the relative
costs of competing fuels, and political factors which might influ-
ence national energy goals.

3. MANPOWER

The question of manpower requirements of an alochol fuels pro-
gram can be subdivided into two phases: construction and produc-
tion. For the construction phase, the manpower requirements of a
$17 billion construction program would be sizable, though specific
estimates are lacking. For production, the impact of alcohol produc-
tion is almost certain to be positive (i.e. to increase employment as
compared with obtaining equivalent energy from gasoline), but also
very likely to be small. Manpower requirements for gasoline refin-
eries and alcohol distilleries are roughly equal. Neither facility islabor-intensive, and a' reduction in gasoline demand could amount
to a shift of plant employment from gasoline to alcohol.

4. MATERIAL NEEDS

If ethanol is to be produced from grain, there are roughly 2.5gallons of alcohol available per bushel of grain. Therefore, the 60million gallons of fuel alcohol estimated to be produced this yearrequires 24 million bushels of grain. The 300 million gallons pro-jected by DOE to be produced by 1982 would require 120 millionbushels, and the 500 to 600 million gallons projected by DOE for1985 would require 200 to 240 million bushels. These amounts arewell within the range which could be provided by the U.S. grainharvest, which is on the order of 10 billion bushels per year.If it were desirable to attain a 10 percent alcohol mixture nation-wide exclusively with grain-derived ethanol, 4.3 billion bushels ofgrain would be required. This would be over 40 percent of the grainharvest, and may not be feasible. Cellulose conversion would, how-ever, make ample supplies available from farm wastes, municipalwastes, and wood.
The DOE has stated that sufficient surplus and waste raw mate-rials are available to meet any realistic projected level of alcohol

production through the mid 1980's. Growing of crops specifically forthis purpose, therefore, does not appear to DOE to be necessary asa national policy, although individual farmers, of course, have theoption of choosing to grow crops for alcohol fuel if they so desire.
6 Engineering News-Record, March 1980, p. 7.
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5. ENERGY EXPENDITURE

As previously stated, the question of whether the energy balance
for alcohol fuel production is positive or negative, i.e. whether
more energy is consumed in the production process than is availa-
ble from the fuel once produced, is complex and difficult, depend-
ing to some extent on the assumptions made in the energy balance
calculation. Some of the varied assumptions that go into this calcu-
lation are as follows.

Opponents of "gasohol" claim that the energy required to pro-
duce it (growing the crops, operating the fermentation plants, etc.)
is greater than the energy obtainable from the alcohol once pro-
duced. Gasohol advocates seem to concede the point if the energy
from the alcohol alone is considered, but contend that the addition-
al energy obtainable by burning the stalks and other grain residues
would make the "energy balance" positive. The opponents then
counter that, if these products are to be burned rather than left on
the land, additional fertilizer would have to be purchased so as not
to deplete the soil, which would make the energy balance negative
once again. The DOE experts now believe the energy balance for
ethanol will be positive if modern equipment is used.7

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY

IMPLEMENTATION

A. Technical

Ethanol is already in use as automotive fuel, and there appear to
be no technical obstacles to its further use. There is, however, a
question as to the availability of sufficient feedstocks to allow for a
large-scale "gasohol" program. The supply problem would be re-
solved if it becomes feasible to make ethanol from cellulosic materi-
als. This would make it possible to use wood, solid wastes, and
agricultural byproducts (e.g. cornstalks) as feedstocks for ethanol
fuel production. Cellulose to ethanol conversion technology, such as
the enzymatic hydrolysis process mentioned previously, is under
development, and is needed if ethanol is to make a major contribu-
tion to the Nation's energy future.

B. Economic

Possible obstacles to the implementation of a large-scale ethanol
program in the economic category include: (a) cost of alcohol fuels,
(b) energy balance, and (c) automotive mileage.

Regarding cost, ethanol currently sells for $1.20 to $1.60 per
gallon. The DOE contends that it could be produced for less than
$1.00 per gallon and sold for around $1.00 per gallon, using ad-
vanced available technology. One important aspect of cost reduc-
tion is reducing the net feedstock costs. Since corn now sells for
roughly $2.50 per bushel, and one bushel of corn yields about 2.5
gallons of ethanol, the cost of the feedstock alone is $1.00 per
gallon unless the byproducts (distillers' dried grains, etc.) are recov-
ered.

"Report of the Alcohol Fuels Policy Review," op. cit., p. 15.
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Regarding energy balance, DOE now believes that ethanol can beproduced to yield a net gain in liquid fuel. Existing ethanol conver-sion facilities were built for the production of alcoholic beverages,and were built when energy costs were lower than they are now(and were, in fact, not considered significant). A modern facility,designed with energy costs in mind, can have a positive energybalance even if it uses oil and gas for fuel. Also, these facilities canbe designed to use fuels other than oil and gas. They can then beregarded as a means whereby scarce energy forms, such as coal,wood, or agricultural residues, can be converted into transportationfuel.
Regarding automotive mileage, the situation is roughly as fol-lows: Ethanol contains roughly two-thirds the energy value in Btusper gallon that gasoline contains. If gasohol is as efficient as gaso-line (in miles per Btu), the miles per gallon would be 3 percent lessthan the miles per gallon with gasoline. However, the number ofmiles per gallon cars actually achieve depends on many factorsother than the Btu value alone. The evidence on gasohol mileage todate is highly varied, as the effect of the lower Btu value is to somedegree offset by the change in combustion characteristics and thecleaner burning qualities of alcohol. Limited scientific testing thusfar shows that gasohol appears to have increased miles per Btu,but still decreased miles per gallon, as compared with gasoline.These results, however, will vary from car to car and from driverto driver.

C. Environmental

While gasohol advocates claim that alcohol fuels are less pollut-ing than gasoline, these claims have yet to be proven by an impar-tial source. Data, thus far, are not totally conclusive, but DOE seesno significant advantage or disadvantage for gasohol as opposed togasoline. The NO. (nitrogen oxide) emissions may be either in-creased or decreased by using alcohol fuels, while CO (carbon mon-oxide) and unburned hydrocarbons are decreased, and evaporativeemissions are increased. There is a possibility that unburned alco-hol and aldehydes might be a new pollution problem unique toalcohol combustion.
D. Social

N/A.
E. Political

At present, political factors.work in favor of farm-derived eth-anol as a fuel and not against it. "Gasohol" has become a political-ly popular movement, based primarily on support by Midwestfarmers seeking improved U.S. fuel security along with better mar-kets and higher prices for their grain crops. This movement hashelped to stimulate Congressional and Executive Branch interest inethanol fuel.
A major political factor working in favor of gasohol is its appealas "America's homegrown fuel." With the current surge of popularfeeling against OPEC dependence, the political appeal of a domesti-cally produced automotive fuel needs no further comment.

F Regulatory
Ethanol, of course, is well known as the source of intoxicatingbeverages. As such, its manufacture is tightly regulated by the
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Department of the Treasury's Bureau of Alcohol, Tobacco, and
Firearms (BATF). The taxation of beverage alcohol returns $5.5
billion per year in revenue to the Federal Government, and produc-
ing beverage alcohol without obtaining the appropriate permits
and paying the associated taxes is a felony.

The possibility of large quantities of ethyl alcohol being produced
for use as an automotive fuel therefore has understandably aroused
the concern of the BATF. They do not wish to put unnecessary
obstacles in the way of developing a possible energy source; but on
the other hand, they are concerned that a twenty-fold increase in
the production of alcohol (which would be necessary in order to
have a 10 percent gasohol blend nationwide) would increase the
possibilities for illegal diversion of alcohol to make untaxed "moon-
shine" liquor.

This dilemma has been ameliorated by the passage of Public Law
96-223, the Crude Oil Windfall Profit Tax Act of 1980, in April
1980. Provisions of this legislation simplify the BATF regulations
as they apply to alcohol fuels production, easing particularly the
burden on small, "on-farm" producers, while still maintaining
BATF's overall jurisdiction over alcohol manufacture.

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990

As stated previously, in June 1979 DOE estimated that by 1985
ethanol production for fuel purposes will reach 500 to 600 million
gallons per year. However, the Administration in early 1980 estab-
lished a goal of 500 million gallons per year by 1981. Projections
beyond 1985 are more difficult, depending on many variables diffi-
cult to forecast. A reasonable projection for 1990 might be the DOE
estimate of 7.2 billion gallons per year, which is called the "project-
ed ethanol production from maximum available food processing
wastes, grains and sugar crops." This projection implies a vigorous
alcohol fuel development program, making use of crops such as
sweet sorghum and sugar cane as well as the grain crops used to
make fuel alcohol today. This estimate, however, does not include
the additional ethanol which might be obtained from wood, agricul-
tural residues, and MSW (assuming that conversion of cellulose to
ethanol is feasible by 1990). With these products included, DOE
estimates 41.2 billion gallons of fuel ethanol could be produced by
1990.

The National Gasohol Commission, which is funded by State
governments end others interested in promoting the development
of agriculturally-based ethyl alcohol as a fuel, estimates that 5
billion gallons of ethanol derived from farm crops could be prouced
by 1985, and 10 billion gallons by 1990. These estimates are higher
than those of DOE, especially for 1985.

B. Contribution by 2000 or Beyond

For projections to the year 2000 and beyond, it appears more
reasonable to assume that cellulosic materials would be converted
to ethanol. Using that assumption, DOE has estimated that 54.0
billion gallons of fuel ethanol could be produced per year by 2000.
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This would be enough for about half of the nation's automotive fuel
needs, assuming that the demand for automotive fuels remains the
same in 2000 as it is now. The 54 billion gallons would include 25.8
billion gallons derived from wood, 13.1 billion from agricultural
residues, 2.9 billion from MSW, and 12.2 billion from agricultural
crops and food processing wastes.8

Estimates from other sources for projections for ethanol produc-
tion beyond the year 2000 are not available.

"Alcohol Fuels Policy Review", op. cit., p. 55.
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I. SURVEY OF CURRENT SITUATION

A. Description of Technology

Coal, wood, or urban wastes can be subjected to chemical reac-
tions which produce methyl alcohol (methanol). The alcohol can
then be used to operate automobile engines, either by itself or in a
blend with gasoline. Blends of either ethanol or methanol with
gasoline have become popularly known as "gasohol." Assuming
that the goal is to produce a 10 percent methanol to gasoline blend,
coal or wood could provide an ample supply of methanol. Approxi-
mately 10 billion gallons of methanol would be required; this could
be obtained from 38 million tons of coal (about 6 percent of our
present coal output), from 21.7 million acres of forest land (about 4
percent of the national forest acreage), or from 180 million tons of
urban wastes (about the national total). The distillation of coal to
produce methanol also produces useful byproducts such as meth-
ane, benzene, and toluene. Useful byproducts obtainable by distilla-
tion of wood or urban wastes to produce methanol are unknown at
present.

B. Known Resources and Reserves

The supply situation with regard to methanol from coal, wood, or
urban wastes, as compared to the U.S. automotive fuel require-
ments, may be summarized as follows:

The United States consumes about 100 billion gallons of gasoline
per year. Assuming that 10 percent methanol were to be used, and
that this consumption rate remained constant, then 10 billion gal-
lons of methanol would be required. This is about 60 billion
pounds, or 30 million tons of methanol that would be required. The
efficiency of converting coal to methanol has been estimated by the
Department of Energy (DOE) at 79 percent.' Therefore, in order to
obtain 30 million tons of methanol, 38 million tons of coal per year,
or 6 percent of our present coal output would have to be converted
to methanol to obtain enough to provide a 10 percent mixture for
all American automotive needs. This would involve expanding
methanol production in this country by a factor of ten, which
would require a considerable effort in terms of plant construction.

Estimates for wood are more speculative than for coal, since
wood-to-methanol conversion plants have not yet been built, and
the amount of wood that can be produced per acre per year is a
highly controversial figure. An estimate by DOE has a wood-to-
methanol plant processing about 1,500 tons per day of wood, and
producing 50 million gallons per year of methanol. 2 Methanol
weighs 6.59 pounds per gallon. Converting these figures to pounds
per year, one arrives at the estimate that, on a weight basis, about

* Prepared by Migdon Segal, analyst in energy technology.
'Telephone conversation with Mr. David Garrett, Office of Fossil Energy, DOE.

2Telephone conversation with Mr. John Pulice, DOE.
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30 percent of the wood consumed is converted to methanol. If onethen assumes that an acre of forest land can produce 5 tons ofwood per year (a DOE estimate, assuming good forest management
techniques are used), then 460 gallons of methanol could be pro-
duced per acre of forest land. In order to obtain 10 billion gallons,then, roughly 22 million acres of forest would be required per year.This is about 4 percent of the total national forest acreage.

It would appear, then, that the demand for enough methanol toprovide a 10 percent blend with automotive gasoline could be metfrom U.S. forest resources. Such a large-scale use of wood formethanol might strain those resources, when added to the presentrequirements for paper, timber, and other wood products. However,
proper forest management (replacing the land thus "harvested")
would help to alleviate this problem.

Estimates for municipal waste are even more speculative thanthose for wood. A recent DOE estimates has a municipal solidwaste (MSW)-to-methanol plant processing 600 tons per day ofMSW, and producing 12.2 million gallons per year of methanol.This represents a ratio of about 18 percent methanol produced toMSW consumed. This also represents almost 56 gallons of metha-nol per ton of MSW. In order to obtain 10 billion gallons, then,about 180 million tons of MSW would be required. This is slightlyless than the projected national total of 200 million tons of MSWby 1985.3

C. Current Contribution to U.S. Energy Supplies
Methanol is not now used as an energy source.

D. State-of-the-Art

No facility for converting coal, wood, or urban wastes to meth-anol now exists and methanol is not now used as an automotivefuel (the "gasohol" now on sale consists of ethanol-gasoline mix-tures). Coal-to-methanol conversion plants are in the planning
stages, and such plants may be ready by the 1985-90 time period.

E. Current Research and Development
Federal funding for research and development for alcohol fuelsfor fiscal year 1980 is an estimated $18.45 million, of which $15.2million is funded in the Department of Energy and $3.25 million inthe Department of Agriculture. For fiscal year 1981, $24.9 millionwas requested, of which $19.0 million was for DOE and $5.9 millionfor USDA. Most of this funding is for fuels for biomass. (Thesefigures include funding for both methanol and ethanol-DOE does

not separate the two in its funding estimates.)
Alcohol fuels research by DOE includes studies of feedstocks forethanol, cellulosic feedstocks and their conversion to ethanol ormethanol, coal gasification for methanol production, behavior ofboth ethanol and methanol in automotive use, and preliminary

studies on methanol from coal. Unlike the situation with ethanol,commercialization of methanol as a fuel is not yet under way.

3 Telephone conversation with Mr. John Pulice, DOE.
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H. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development

Research and development in the following areas would be desir-
able if methanol is to be used as an automotive fuel on a large
scale:

1. AUTOMOTIVE COMPATIBILITY

In the evaluation of alcohol fuels as potential substitutes for
gasoline, there is no area as controversial as the question of how
well "gasohol" could serve today's automobile fleet. One of the few
points on which there is agreement is that the closer- similarity
between the molecular structure of ethanol and gasoline renders
ethanol more compatible with. existing systems than methanol.
Some of the areas in which there are differing positions include

--operating difficulties, phase separation, materials problems and
toxicity.

(a) Operating difficulties.-The latent heat of vaporization of
methanol is higher than that of gasoline. Methanol is therefore
slower to vaporize in a cold engine, and starting in cold weather
might be a problem for this reason. This problem would not show
up in tropical countries such as Brazil. However, the problem of
"vapor lock," which occurs on hot days, is alleged to occur in
Brazil.

(b) Phase separation.-Methanol has only limited solubility in
gasoline. The methanol-gasoline mixture may therefore separate
into two layers when the saturation point of the mixture is
reached. The percentage of methanol at the saturation point is a
variable which depends on the temperature, the type of gasoline
being used, and the amount of water present (water attracts
methanol and greatly encourages separation). This is basically a
low-temperature phenomenon, and phase separation at 10 percent
concentrations of methanol is said to occur at -30° to +300 F,
depending on other variables. If phase separation occurs, the
denser methanol would sink to the bottom of the tank and the
lighter gasoline would rise to the top. The fuel feed to the engine
could therefore suddenly become pure alcohol, which would prob-
ably cause the car to stall.

(c) Materials problems.-Methanol may chemically attack certain
automotive components, particularly the plastic and rubber gaskets
and seals used in fuel systems. The lead coating that lines gasoline
tanks may also be corroded by methanol.

(d) Toxicity.-Methanol is a toxic chemical which presents defi-
nite biological hazards. If it were to be introduced into general use,
measures would have to be taken to educate the public about its
toxic properties. Service station attendants and others who would
handle methanol as part of their daily employment would particu-
larly be required to exercise caution.

2. METHANOL TO GASOLINE PROCESS

A catalytic process which would convert alcohol to gasoline, at
an added cost of from 6 to 10 cents per gallon has been developed.4

The process would work with either methanol or ethanol; however,

4 Process developed by Mobil Oil Co.
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emphasis has been placed on its use in connection with coal to
methanol processes, believing that methanol from coal would be
the most reliable source of alcohol fuel. Development of the process
has progressed from the laboratory stage to plans for a pilot plant
which would produce 100 barrels per day (4,200 gallons) of gasoline
from methanol. If the pilot plant work is successful, the next stage
would be construction of a full-scale plant (approximately 50,000
barrels per day).

The advantage of this process would be that the final product,
gasoline, would be fully compatible with the existing fuel distribu-
tion system and with existing automobiles. The complications in-
herent in blending two separate fuels, and the possible materials
and driveability problems discussed above, would be avoided. A
possible disadvantage would be that the added step would reduce
the overall energy efficiency of the process of obtaining a usable
automotive fuel from coal.

3. ECONOMICS

The DOE projects that methanol produced from coal in the 1980s
would cost 30 to 60 cents per gallon to the consumer. This would
make methanol at least competitive with gasoline on a price basis
(although the lower energy value per gallon of methanol, as com-
pared to gasoline, is an important factor).

.4. AUTOMOTIVE MILEAGE

Methanol has only half the energy value per gallon that gasoline
has. However, automotive miles per gallon depend on the combus-
tion characteristics of the fuel as well as the energy value, and
advocates of alcohol fuel claim that it burns more efficiently, thus
compensating for its lower inherent energy value. This question,
along with the economic question above, are critical to a proper
understanding and evaluation of methanol as an automotive fuel.

5. FEEDSTOCKS

Methanol could be produced from coal, wood, or urban wastes.
Production of methanol from coal may be most promising, since
the Nation's coal supplies are ample and the technology for this
process is well developed. However, advocates of renewable sources
for energy can be expected to press for wood and urban wastes as
sources of methanol. Research is needed on the feasibility and the
problems which might be associated with obtaining methanol from
these renewable sources.

B. Demonstration

Demonstration projects would presumably be required in the
areas discussed under "Research and Development" above, i.e.
automotive compatibility, the methanol to gasoline process, eco-
nomics, automotive mileage, and choice of feedstocks.

Demonstration projects on a small scale now exist, sponsored by
DOE, on automotive compatibility of methanol. Ten percent metha-
nol-gasoline blends are being investigated at DOE's laboratories at
Bartlesville, Oklahoma. Pure methanol as an automotive fuel is
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being studied at the University of Santa Clara, in California, under
a grant from DOE.

Mobil's methanol to gasoline project is nearing the pilot plant
stage, as previously mentioned.

C. Commercialization

1. CAPITAL

In DOE's "Alcohol Fuels Program Plan," it is stated that 10
methanol-from-coal plants, each with a capacity of 1.9 million gal-
lons per day or roughly 700 million gallons per year, could be built
by 1990 at an average cumulative investment cost of $450-500
million per plant, or about $5 billion in all. Based on this estimate,
each million gallons per year of methanol plant capacity would
cost roughly $710,000. Enough methanol capacity for a 10 percent
"gasohol" mixture nationwide (i.e. 10 billion gallons of methanol)
would cost approximately $7 billion.5

2. TIME

Methanol is not likely to be available in significant quantities
before 1990. According to DOE, it is unlikely that methanol fuel
would be used extensively before that year, because of the planning
and construction time required for the building of the large-scale
plants necessary for efficient methanol operations. A methanol
plant is likely to require 3 to 4 years to build, after perhaps years
of negotiating over sites and permits. 6

3. MATERIAL NEEDS

As stated previously, the material needs with regard to methanol
would seem to be adequately met. Ten billion gallons of methanol,
enough for a 10 percent blend nationwide, would be obtainable
from 38 million tons of coal per year, 6 percent of the present coal
output; from 21.7 million acres of forest, 4 percent of the national
total; or from 180 million tons of municipal waste, slightly less
than the total national output. The use of several resources for
methanol production would, of course, reduce the impact on any
single resource.

4. ENERGY EXPENDITURE

The most recent estimate by DOE shows that, for a coal-to-
methanol conversion plant, 59 percent of the energy originally
available in the coal is available in the methanol produced. The
remaining 41 percent is used in process heat or otherwise lost. This
means that for each BTU consumed in the process, roughly 1.44
BTUs of usable fuel are produced. By way of comparison, in a
typical oil refinery 85 to 95 percent of the energy originally availa-
ble in the crude oil is available in the refined products. This means
that for each BTU used, up to 9 BTUs of usable fuel are produced.
These statistics are for the conversion plant alone, and do not
include the energy necessary for extraction and transportation.
Overall estimates which include all energy costs are complex, and

'U.S. Department of EnerVy, Office of the Under Secretary Task Force on Alcohol Fuels.
"Alcohol Fuels Program Plan. March 1978, various pagings.

'U.S. Department of EnerFy. Assistant Secretary for Policy Evaluation. "The Report of the
Alcohol Fuels Policy Review,' June 1979, 119 p. (p. 106).
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none have been made for obtaining methanol from coal, or forconverting wood or MSW to methanol.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

A. Technical

The construction of large coal-to-methanol production plants
would be a formidable undertaking, as would any large construction
project involving technological innovation. However, no insurmount-
able problems are foreseen.

The problem of automotive compatibility may be serious for
methanol. The difficulties previously mentioned, including prob-lems of cold starting, vapor lock, phase separation, compatibility
with seals and gaskets, and toxicity, might prevent its use in
existing automotive fleets, or perhaps limit the percentage of
methanol in the blend to 5 percent as compared with the 10 per-
cent blend already in use with ethanol.

B. Economic
The cost of methanol from coal has been projected by DOE, forthe 1980s, to be in the range of 30 to 60 cents per gallon. (By way of

comparison, ethanol has been estimated at $1.00 per gallon.)7 This
certainly would be competitive with gasoline, even when the lower
BTU value for methanol is taken into account. Methanol has only
about half as much energy value per gallon as does gasoline. If this
lower BTU value translates to a correspondingly lower miles per
gallon figure, then the cost given should be doubled in an economic
comparison with gasoline, i.e. methanol with a cost of $.60-$1.20
per 2-gallon unit would be compared with gasoline at a cost of, for
example, $1.00 per gallon. However, automotive mileage depends
on many factors other than BTU value, and there is at least some
evidence (though inconclusive thus far) that mileage with the alco-
hol fuels is better than would have been predicted from the BTU
values.

The capital cost of construction of a methanol plant, estimated tobe approximately $500 million for a 700 million gallon per year
plant is, of course, an important economic consideration. By way of
comparison, $500 million is estimated to buy only 300 million gal-
lons of ethanol capacity, thus methanol plant construction is less
expensive than ethanol construction by these DOE estimates.

C. Environmental

The DOE states that methanol plants must be large, i.e., with
capacities from 20,000 to 50,000 barrels per day (300 to 750 million
gallons per year) in order to be economically attractive; thus small
scale methanol plants are considered impractical.s For ethanol, on
the other hand, a large plant might be impractical, because of the
necessity of collecting agricultural materials from large areas and
transporting them to the plant over relatively long distances. The

I"Report of the Alcohol Fuels Policy Review," op. cit., p. 14.
'U.S. Department of Energy, Assistant Secretary for Policy Evaluation. "The Report of theAlcohol Fuels Policy Review. June 1979, (119p.) p. 7.



216

difference in capital cost estimates between methanol and ethanol
plants is presumably due to the economies of scale available for
large plants as opposed to smaller ones.

While combustion of methanol raises no unusual problems, the
construction of large coal-to-methanol manufacturing plants may
pose environmental pollution problems for the areas in which they
are built. (See chapter on "Synthetic Fuels from Coal.")

Methanol is a toxic compound, and its handling might pose diffi-
culties for plant workers, and for service station employees should
its use as an automotive fuel become widespread.

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990

It appears unlikely that methanol will provide any substantial
contribution before 1990. The construction of large methanol-from-
coal plants is a time-consuming venture which is not likely to be
completed before that time. (Note: See also the other chapters on
various "synthetic" fuels.)

B. Contribution by 2000 or Beyond

If the decision is made to proceed with a major effort to use
methanol as an alternative automotive fuel, its contribution by the
year 2000 could be quite substantial. The Department of Energy, in
its "Alcohol Fuels Program Plan," envisions twenty coal conversion
plants, each producing 6000 tons per day (or 1.9 million gallons per
day, or 700 million gallons per year) of methanol., The total output
from the 20 plants, of 14 billion gallons per year, would be more
than sufficient to supply a 10 percent "gasohol" blend nationwide
by the year 2000. This amount of methanol is significantly less
than the 54 billion gallons of ethanol predicted by DOE for the
year 2000 (see previous chapter). However, it appears possible that
the vast coal resources of the Nation-from which methanol can be
produced-and the fact that coal is a more concentrated resource
than is biomass, may combine to make methanol from coal prefer-
able to ethanol from biomass as the primary source of alcohol fuel
in the 21st century.

Ibid.



NUCLEAR TECHNOLOGIES

ADVANCED CONVERTER REACTORS *

I. SURVEY OF THE CURRENT SITUATION 1

A. Description of the Technology
Advanced converter reactors are nuclear reactors which havebetter fuel utilization than current light water reactors (LWRs),but which do not produce more fuel than they consume, as dobreeder reactors. Three types of advanced converter reactors willbe discussed: improved light water reactors, heavy water reactors(HWRs) and high temperature gas reactors (HTGRs). The terminol-ogy used in discussing nuclear fuel cycles (fissile, fertile, enrich-ment, reprocessing, U-235, plutonium, conversion ratio, etc.) hasbeen discussed in the chapters on Light Water Nuclear Reactorsand Breeder Reactors, and hence will not be redefined here.

1. IMPROVED LIGHT WATER REACTORS

Improvements in the fuel utilization of LWRs may be possible byimproving the design of nuclear fuels and by changing fuel man-agement techniques. Modifications of reactor cores may be neces-sary, but it is expected that the changes will be of a nature whichwill allow them to be retrofitted to existing LWRs.
There are two ways that fuel utilization can be improved. Thefuel burnup 2 can be increased for a once-through 3 fuel cycle orthe conversion ratio 4 can be improved in a fuel cycle includingreprocessing.
As nuclear fuel burns in a converter reactor, the amount offissionable material decreases and fission products build up in thefuel. Some of the fission products absorb neutrons which mightotherwise have caused additional nuclei to fission or have con-verted fertile isotopes to fissile isotopes. Hence, these fission prod-ucts are called neutron poisons. Eventually, when there is too largea concentration of neutron poisons, the fuel must be replaced.
Prepared by Robert L. Civiak, analyst in energy technology.'In general, where not otherwise noted, technical facts about the various reactor types havebeen taken from: Nero, Anthony V. A Guidebook to Nuclear Reactors. University of CaliforniaPress, Berkeley. 1979, 289 p. and programmatic information has been taken from: U.S. Depart-ment of Energy. Office of Nuclear Energy Programs. Fission Energy Program of the U.S.Department of Energy. Fiscal year 1980 Washington, U.S. Government Printing Office, April1979. 317 p. DOE/ET-0089.

' Burnup is the total amount of energy released from a given amount of nuclear fuel. It iscommonly expressed in megawatt-days per ton (Mwd/t).
Once-through refers to fuel cycles without reprocessing.*Conversion ratio is the ratio of the number of fissile atoms produced from fertile atoms tothe number of fissile atoms consumed in a reactor.
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Some changes in fuel and core design can improve both burnup
and the conversion ratio. These include changes in the coolant,
moderator, fuel cladding, and reactor controls which decrease the
number of neutrons lost to these sources. However, burnup is
greatest when the fuel is kept in the reactor a long time, but
conversion is highest for fresh fuel, which means that maximizing
the conversion ratio requires frequent fuel changes. Thus, some
tradeoff must be made between high burnup and a high conversion
ratio.

In LWRs the conversion ratio can theoretically be higher for U-
233/Th fuels than for the currently used U-235/Pu fuels. Thorium-
based fuel cycles are being studied for this reason and because
thorium-based fuel cycles may be preferable to plutonium-based
fuel cycles from the standpoint of nuclear proliferation. The tech-
nology required to increase the conversion ratio for U-233/Th fuels
is similar to that needed to produce a light water breeder reactor.
Hence, information obtained from light water breeder reactor de-
velopment could be applied to the development of high conversion
thorium-fueled light water converter reactors.

2. HEAVY WATER REACTORS

A heavy water reactor uses water made from deuterium 5 as
both a coolant and a moderator. Since heavy water absorbs fewer
neutrons than ordinary (light) water, HWRs can achieve both
higher burnup and higher conversion ratios than is possible with
LWRs. Heavy water reactors are currently produced commercially
in Canada (CANDU reactors). These reactors operate using natu-
rally occurring uranium without enrichment and, for a once-
through fuel cycle, require about 20 percent less fuel over a thirty
year lifetime than an LWR producing an equivalent amount of
power.

Improvements in fuel utilization can be realized by mixing heavy
water and light water in varying proportions depending upon the
age of the fuel. This type of reactor is called a spectral shift
reactor. Higher conversion ratios in heavy water and spectral shift
reactors are possible with thorium-based fuels than with plutoni-
um-based fuels.

3. HIGH TEMPERATURE GAS REACTORS

High temperature gas reactors (HTGRs) are considerably differ-
ent from LWRs or HWRs. The fuel pellets, rather than being
supported in long fuel rods, are incorporated into graphite blocks
which serve as moderators in addition to providing structural sup-
port. Since graphite is not as effective a moderator as water, the
core must be as much as ten times larger in an HTGR than an
LWR of equal power to provide sufficient graphite to slow the
neutrons. The fuel most often considered for HTGRs consists of
moderately or highly enriched uranium with thorium present as a
fertile material, although U-235/Pu fuels are also possible.

The primary core coolant in an HTGR is helium gas. Since the
coolant is a gas, the operating temperature can be much higher
than that of a water cooled reactor. This higher operating tempera-

5 Deuterium is an isotope of hydrogen possessing an additional neutron.
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ture results in a higher thermal efficiency 6 for the HTGR than for
water cooled reactors. The higher thermal efficiencies, as well as
improved burnup and conversion ratios, could lead to better fuel
utilization in HTGRs than in current LWRs.

B. Known Resources and Reserves
The situation with respect to fissionable resources is discussed in

the chapters on Light Water Nuclear Reactors and Breeder Reac-
tors. In brief, resources may be sufficient for 20-50 years of oper-
ation with current LWRs and virtually inexhaustible if breeder
reactors are introduced. A key question is how soon will breeder
reactors be needed, if at all?

Advanced converter reactors could play a role in determining the
answer to that question. Large increases in uranium utilization
which might be possible with converter reactors could, in principle,
extend fissionable resources for many decades, or even centuries
without the use of breeder reactors. However, these reactors might
not be preferable to breeder reactors from economic, safety, or
proliferation standpoints. Moreover, such high conversion reactors
are further from development than breeder reactors. More modest
improvements in uranium utilization might be achievable with
converter reactors in the short term. It has been estimated that
such improvements could delay the need for introduction of breed-
er reactors for 3 to 17 years.7

C. Current Contribution to U.S. Energy Supplies
N/A.

D. State-of-the-Art

1. IMPROVED LIGHT WATER REACTORS

Currently, nuclear fuel is discharged from a typical commercial
LWR after it has produced an average burnup of 25,000 to 33,000
Mwd/t. Conversion ratios are about 0.6. Selected fuel assemblies
have been reinserted into commercial reactor cores in experimen-
tal programs and achieved burnups of over 40,000 Mwd/t. One of
the chief problems limiting higher burnup is a degradation of the
Zircaloy cladding that encloses the fuel pellets, which necessitates
the removal of the fuel for safety related reasons. This problem,
called the pellet-clad interaction (PCI), is caused by mechanical
stresses between the fuel and the cladding and chemical attack
caused by the release of corrosive fission products from the fuel.

2. HEAVY WATER REACTORS

Nine CANDU heavy water reactors are currently in commercial
operation in Canada, producing over 5,000 Mw of electricity. Sever-
al more are under construction or on order in Canada and other
countries. The United States has little experience with heavy water
reactors.

'Thermal efficiency is the percentage of heat energy produced which is converted intoelectricity. LWRs have a thermal efficiency of about 31 percent and HTGRs can achieve 39percent thermal efficiencies.
I U.S. Department of Energy. Office on Energy Research. The Nuclear Strategy of the Depart-ment of Energy. April 1979 (DOE/ER-0025-D) p. 19.

71-990 0 - 81 - 15



220

3. HIGH TEMPERATURE GAS REACTORS
Great Britain has substantial commercial experience with gas

cooled reactors which use gases other than helium. In the United
States, one commercial HTGR cooled by helium gas is currently
being operated at Fort St. Vrain, Colorado by the Public Service
Company of Colorado. The Fort St. Vrain plant, designed to oper-
ate at 330 Mw, began operation in December 1976. However, tech-
nical problems have caused the Nuclear Regulatory Commission to
limit its operation to 70 percent of full power.s

In 1974, the General Atomic Co., which built the Fort St. Vrain
plant, had commitments for 10 HTGRs from 700 Mw to 1,200 Mw.
All were subsequently cancelled for a variety of business and eco-
nomic reasons.

E. Current Research and Development

1. IMPROVED LIGHT WATER REACTORS

Increasing the efficiency of uranium utilization of LWRs operat-
ing in a once-through mode is the objective of the Uranium Utiliza-
tion Program Element of DOE's Thermal Reactor Technology Pro-
gram. The DOE believes that it may be possible to demonstrate
fuels and fuel management techniques which can produce a 15
percent savings of uranium by 1988 and an additional 15 percent
by 2000.9 These techniques are expected to be applicable to LWRs
currently operating and those beginning operation prior to those
dates.

In one experimental program, selected nuclear fuel assemblies
are undergoing high burnup tests in the Oconee-1 reactor in a DOE
project in cooperation with the Duke Power Company. Information
from this project will be used to design improved assemblies which
will be inserted into reactors operated by the Arkansas Power and
Light Company between 1980 and 1982. These projects are expected
to lead to the design of complete fuel reloads capable of a burnup
of 46,000 Mwd/t by 1986.

As a result of the President's decision in April 1977 that the
United States would defer indefinitely the commercial reprocessing
and recycling of plutonium, the DOE is no longer performing re-
search on improving conversion in LWRs operating with U-235/Pu
fuels which would require reprocessing in order to provide im-
proved uranium utilization. Efforts to increase the conversion ratio
in light water reactors operating on U-233/Th fuel cycles are con-
tinuing as part of the light water breeder reactor program and are
discussed in the section on Breeder Reactors.

2. HEAVY WATER REACTORS

The United States does not currently have any development
program for heavy water reactors. Atomic Energy of Canada Ltd.
(AECL) is considering possible improvements to the CANDU reac-

' Among the problems has been the occurrence of temperature fluctuations in the reactor
core. Experience acquired from the plant's first three years of operation is expected to lead to a
solution to this problem.

9 U.S. Department of Energy. Office of Nuclear Energy Programs. Fission Energy Program of
the U.S. Department of Energy. Washington, U.S. Government Printing Office, April 1979.
DOE/ET-0089, p. 30.
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tors. Currently CANDUs require about 20 percent less uranium
over a 30 year plant lifetime on a once-though fuel cycle than do
LWRs. However, reprocessing, which could improve LWR fuel utili-
zation by about 30 percent, is not economically feasible for current
CANDUs because only a small amount of fissionable material re-
mains in the spent fuel. The AECL is investigating the possibility
of operating CANDUs with enriched uranium and/or on a thorium-
based fuel cycle. These developments have the potential of increas-
ing the conversion ratios of these reactors to 0.9 or higher and
making reprocessing feasible.

3. HIGH TEMPERATURE GAS REACTORS

In the original General Atomic design for the HTGR, the helium
gas is used to produce steam to run a steam turbine generator. In
1978, General Atomic decided that it would no longer offer this
reactor because of the marginal economics of the steam-cycle
design. Since then, interest in HTGRs in the United States has
focused on long term research and development in connection with
new HTGR designs.

Funding for research on two new types of HTGRs has been
provided to DOE through fiscal year 1980. The first is the direct
cycle HTGR, in which the helium coolant is allowed to expand and
run a gas turbine generator directly. The second type, sometimes
called the very high temperature reactor (VHTR), would operate at
higher temperatures than othe gas reactors and provide steam for
industrial processes. One possible use of this process steam is in the
production of synthetic fuels.

In the United States, work on HTGRs is being performed by the
General Atomic Company, General Electric, Westinghouse and
DOE. In 1978, a group of utilities formed the Gas Cooled Reactor
Associates (GCRA) to coordinate the activities of these organiza-
tions and to promote HTGRs. The GCRA has produced a develop-
ment schedule according to which a commercial sized HTGR gas
turbine demonstration plant could be in operation by the early
1990s. The GCRA plan calls for parallel development and demon-
stration of process heat application with the VHTR and commer-
cial deployment of both the gas turbine and process heat reactors
near the turn of the century. This development schedule has not
been accepted by the Department of Energy, however.

The DOE is currently evaluating conceptual design studies for
both direct-cycle HTGRs and VHTRs for process heat applications.
Work is also proceeding in the study of fuels, materials and safety
of HTGRs.

The United States, the Federal Republic of Germany, France and
Switzerland are cooperating in the development of the HTGR
under an agreement signed in February 1977. Cooperation is in
several areas of technology development.

The Administration has decided for budgetary reasons not to
request any funding for HTGR development of fiscal year 1981.
However, it is possible for Congress to restore DOE funding for
HTGR research and development. Federal funding for advanced
converter reactors amounted to about $47 million for fiscal year
1980.
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II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

Improved LWRs and HTGRs are the only converter reactors
which are currently being developed in the United States. Hence,
only those designs will be considered in this section.

A. Research and Development

1. IMPROVED LIGHT WATER REACTORS

A major problem with increasing the lifetime, and hence the
burnup, of LWR fuels is the degradation of the cladding that
encloses the fuel pellets, which occurs through interactions with
the pellets themselves. Two projects to alleviate the pellet-clad
interaction problem are currently underway and scheduled for
completion in 1985. Additional methods for improving uranium
utilization in LWRs are being investigated in a joint Tennessee
Valley Administration/DOE project which began in 1979 and is
scheduled to continue until 1988.

2. HIGH TEMPERATURE GAS REACTORS

Additional research is needed in the areas of HTGR fuels, graph-
ite, materials, safety, components and sytems. This effort, as well
as analysis of conceptual designs of direct-cycle HTGR plant con-
figurations, VHTR process heat reactors, and a German designed
HTGR is necessary in order to choose the most promising design
for further development.

The current effort is in the nature of technology development.
Since no single HTGR design has been chosen for development and
no development schedule established, no estimates are available on
how large a research effort is needed. The DOE spent $42 million
on HTGR development in fiscal year 1979. The fiscal year 1980
appropriation is only $25 million, reflecting the terminaition of
development of the steam-cycle HTGR. The Administration has
decided to cancel all HTGR funding for fiscal year 1981. However,
funds could be restored by Congress.

Although General Atomic has spent nearly $1 billion on the
development of steam-cycle HTGRs in the past 20 years, private
spending in the United States on HTGR development is expected to
be less than $1 million in 1980.10

B. Demonstration

1. IMPROVED LIGHT WATER REACTORS

Utility acceptance of improvements in LWR fuels will require
demonstrations in commercial LWRs. Such demonstration involves
in-plant irradiations of large quantities of fuel fabricated by indus-
trial manufacturing techniques, experience with normal licensing
procedures, and multi-year testing in an operating environment
typical of large commercial reactors. Current DOE/utility experi-
mental programs for the testing of high burnup fuels are expected
to lead to the design and fabrication of an entire reload batch of

10 U.S. Department of Energy, HTGR Program Office.
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fuel which will be inserted into a commercial reactor after 1986 todemonstrate both high burnup and economical operation.ll

2. HIGH TEMPERATURE GAS REACTORS

The Gas Cooled Reactor Associates has estimated that a direct-cycle HTGR commercial demonstration plant could be in operation
by the early 1990s. However, the DOE currently has no plans for
the development of a demonstration HTGR. Estimates of the costof a development program for an HTGR through a demonstration
plant are very speculative, since no specific design has been select-
ed, but they range from two to five billion dollars.

C. Commercialization 12

2. IMPROVED LIGHT WATER REACTORS

If improvements in LWR fuels and core designs are demonstrat-
ed to result in lower costs and increased uranium utilization, itcould be possible for commercialization to proceed rapidly. It isexpected that the changes necessary to achieve the first 15 percent
inprovement in uranium utilization can be retrofitted to existing
LWRs.

The DOE estimates that the technology to achieve a 15 percent
savings in uranium, and a decrease in fuel costs, could be available
by 1988, and that longer-term improvements that have the poten-
tial of reducing uranium consumption in LWRs by an additional 15percent could be available by 2000.

2. HIGH TEMPERATURE GAS REACTORS

Steam-cycle HTGRs reached the stage of commercialization inthe early 1970s, but were rejected for economic reasons. If circum-
stances were to change, commercial steam-cycle plants could beavailable in 10 to 15 years, which is the time needed to license anew nuclear plant. Other HTGR designs are in the early stages oftechnology development. Hence, it would be premature to estimate
the requirements for commercialization.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

Many of the obstacles to the growth of nuclear power which arediscussed in the chapter on Light Water Nuclear Reactors also
apply to advanced converter reactor. Only additional obstacles tothe development and implementation of improved LWRs and
HTGRs will be discussed here.

A. Technical

A major problem that needs to be resolved if high burnup is tobe achieved in LWRs is the pellet-clad interaction (PCI) discussed
earlier. A number of current approaches to solving this problemappear promising.

"Fission Energy Program of the U.S. Department of Energy, op. cit. p. 31.
1Nero, Anthony V. and DOE Office of Nuclear Energy Programs., op. cit.
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Direct cycle HTGRs and VHTRs for process heat are in the early
stages of technology development. The basic operating principles of
HTGRs have been proven through development of steam-cycle
HTGRs, but many engineering problems need to be worked out for
the new designs. It does not appear that absolute technical barriers
to these designs exist. Rather, technical problems that have an
effect on the economics of the system need to be solved.

B. Economic

Refueling of an LWR requires that the reactor be shut down for
a few weeks. A utility can save money by refueling when a reactor
needs to be shut down for other reasons or by scheduling refueling
during periods of low electricity demand. Fuel management tech-
niques which maximize burnup may not be economically accept-
able if there is a substantial loss of flexibility in the scheduling of
refueling.

After many years of development, the General Atomic Company
discontinued the steam-cycle HTGR because it did not appear to be
economically competitive with current LWRs. Other HTGR designs
are in the early stages of development and so it is not yet known
how the cost of power or heat from those designs will compare with
other sources.

C. Environmental

See: Light Water Nuclear Reactors, III. C.

D. Social

See: Light Water Nuclear Reactors, III. D.

E. Political

There is currently considerable uncertainty over the future of
nuclear power. If the nuclear power option is to be maintained, in
the short term LWRs will predominate and in the long term breed-
er reactors will be more important. Only after the future of these
technologies has been decided can programs for the development of
advanced converter reactors be fit into the overall policy for the
development of nuclear energy in a consistent manner. At this
time the development of advanced converter reactors is proceeding
slowly pending clarification of the broader nuclear policy issues.

E. Other

See: Light Water Nuclear Reactors, III. E.

IV. POTENTIAL CONTRIBUTION TO U.S. ENERGY SUPPLIES

The contribution of all forms of nuclear fission to U.S. energy
supplies is discussed in the chapter on Light Water Nuclear Reac-
tors. Advanced converter reactors will not represent a direct addi-
tional contribution. Rather they may replace other nuclear reac-
tors if they provide better fuel utilization and economics, or are
preferred for other reasons.
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A. Contribution by 1990
Since it takes ten years or more to license and construct anuclear reactor and no reactors other than light water reactors arecurrently on order or under construction in the United States, itappears that only LWRs will make a contribution to 1990 energy

supplies.
It may be possible to retrofit improvements in the design of fuels

and reactor cores to existing and planned light water reactors. TheDOE has estimated that changes which can result in a 15 percent
savings of uranium may be available by 1990.

B. Contribution by 2000 or Beyond
The DOE has estimated that by 2000 improvements in LWRs

may result in an additional 15 percent savings of uranium above
that predicted for 1990. However, this prediction is challenged bythose who believe that breeder reactors are needed soon in order toinsure that sufficient supplies of fissile materials will be available.

The Gas Cooled Associates has predicted that direct-cycle HTGRscould be commercialized before the year 2000. However, their de-velopment schedule calls for a demonstration plant to begin oper-
ation in the early 1990s. There are currently no plans in theUnited States for such a demonstration plant, and it would likely
take-more than ten years to design, license and build.

The technology for steam-cycle HTGRs is well enough developed
that reactors of that design could be in put into operation before
2000. However, steam-cycle HTGRs have recently been rejected byutilities on economic grounds and discontinued by General Atomic,
which spent nearly $1 billion on their development.

It is too early to predict what types of advanced converter reac-
tors may be available in the long term after the year 2000. Theonly other converter reactor technology (besides improved LWRs
and HTGRs) which could be introduced before or shortly after theyear 2000 is the heavy water reactor. Since very little development
has taken place on heavy water reactors in the United States,
introduction of this reactor design before 2000 would require that
the United States acquire existing Canadian technology for heavy
water reactors.



BREEDER REACTORS *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology'

The term breeder reactor refers to a type of nuclear reactor
which, in addition to producing energy, is able to produce more
usable nuclear fuel than it consumes. There are two kinds of
breeders, distinguished by the type of coolant used, which currently
have development programs receiving substantial funding in the
United States. These are the Liquid Metal Fast Breeder Reactor
and the Light Water Breeder Reactor. Two other types, the Gas
Cooled Fast Reactor and the Molten Salt Breeder Reactor, have
received attention in the past.

Uranium-235 (U-235) is the only naturally occurring isotope
which will fission in a manner suitable for use in a nuclear reactor.
Such isotopes are called fissile. Uranium-235 comprises only 0.7
percent of naturally occurring uranium, the other 99.3 percent of
which is Uranium-238 (U-238). However, U-238, as well as another
naturally occurring isotope, thorium-232 (Th-232), are fertile; that
is, they can be converted to fissile isotopes 2 by the addition of a
single neutron.

All nuclear reactor fuels are designed to include fertile as well as
fissile materials. During normal operation, some atoms of the fer-
tile isotope are converted to fissile isotopes which can then fission
and release energy. Current Light Water Reactors (LWRs) convert
about 60 fertile atoms to fissile isotopes for every 100 atoms which
fission. A reactor is called a breeder reactor if it can covnert more
than 100 fertile atoms for every 100 atoms which fission-hence,
producing more fuel than it consumes.3 Of course the fertile mate-
rial is consumed, but the United States has a large stockpile of U-
238, which was left over when the U-235 was removed, that can
fuel breeder reactors for many years. Maximum use of U-238 in
breeder reactor fuel cycles would enable about 60 times as much
energy to be produced from a quantity of natural uranium as is
currently produced. In addition, thorium could also be used in
breeder reactors.

The Liquid Metal Fast Breeder Reactor (LMFBR) is the most
developed of the various breeder designs. In this type of reactor, a
liquid metal (most commonly sodium) is used to cool the reactor
core and transfer the heat to water, which boils to produce steam
that runs a turbine generator. The reactor is called a fast reactor

*Prepared by Robert L. Civiak, analyst in energy technology, and Marcia Smith, specialist in
aerospace and energy technology.

' More detailed descriptions of the technologies described here can be found in: Nero, Anthony
V. A Guidebook to Nuclear Reactors. Berkeley, U. of California Press, 1979. 289 p.

2 U-238 into Plutonium-239 (Pu-239) and Th-232 into uranium-233 (U-233).
3 The number of new fissile atoms created per atom of fissile material consumed is called the

conversion ratio or breeding ratio. Current LWRs have a conversion ratio of about 0.6. A
conversion ratio of greater than one characterizes a breeder reactor.

(226)
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because the neutrons which are emitted by the fission reaction arenot slowed, down as they are in conventinal light water reactors.New heterogeneous core designs suggest the possibility of theoreti-cal breeding ratios as high as 1.44 for LMFBRS. However, thisfigure is not expected to be achieved in early breeder reactorswhich might have breeding ratios of 1.2 to 1.3.
Two types of LMFBRs, which differ in the way that heat isremoved from the reactor, have been built. They are the "loop"design and the "pool" design. In the United States, work has fo-cused on the loop design,which was developed first. It is not yetclear if the pool design, on which France is focussing its develop-ment effort, will prove to be as good or as better than the loopdesign. LMFBRs can in principle operate on either a U-233/Th or aU-238/Pu cycle. However, development has concentrated on the U-238/Pu cycle because of the superior theoretical breeding ratiopossible with plutonium in fast reactors.
Three other breeder reactor designs have received some attentionin the United States, but are not as far advanced as the LMFBR.The first, the Gas Cooled Fast Reactor (GCFR), uses helium gas asa coolant. Breeding ratios of 1.5 on a plutonium cycle and 1.1 on athorium cycle might be possible with this design.
The second, the Light Water Breeder Reactor (LWBR), is essen-tially a light water reactor with a core designed to maximuzeconversion of fertile material. This design can only breed on a U-233/Th fuel cycle and has a maximum theoretical breeding ratio ofabout 1.02.
In the 1960's, the United States operated an experimentalMolten Salt Breeder Reactor (MSBR), in which the fuel itself is aliquid containing lithium, beryllium, thorium and U-233 flouridesalts. The liquid is pumped through heat exchangers to be cooled.The theoretical breeding ratio for the MSBR design is between 1.05and 1.07. Some still consider the MSBR promising. However, severetechnical problems remain to be solved with this design and theU.S. Department of Energy (DOE) has not requested funding forthe MSBR for several years.

B. Known Resources and Reserves
Uranium resource estimates are discussed in the ConventionalLight Water Reactors chapter. It is noted there that, with currentnuclear technology, uranium resources should be sufficient forabout 12,000 reactor-years of operation. 4 If the rate of introductionof nuclear power plants is near the middle of the range discussedin that section (260 Gw by 2000), if it continues in the samemanner past the year 2000, and if there is no substantial increasein the amount of electricity generated from a ton of mined urani-um, U.S. supplies of economically retrievable uranium could betotally consumed sometime in the first quarter of the 21st century.

I In 1,000 MW reactors operating at 65 percent capacity factor.
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However, improvements in uranium enrichment techniques, 5

and the introduction of reprocessing 6 of spent nuclear fuel, could
extend uranium resources. In addition, the technologies discussed
in the Advanced Converter Reactors chapter could result in im-
proved uranium utilization, or in the use of thorium as a nuclear
fuel, which would further extend the availability of nuclear fission
resources. Further exploration might also uncover additional urani-
um resources.

Several of these developments could extend fission resources well
into the second half of the 21st century. However, none of them is
certain to occur and, if nuclear fission is to remain a viable energy
option in the very long term, it will eventually be necessary to
introduce some form of breeder reactor.7

If breeder reactors could increase fuel utilization by a factor of
60, current resources would be sufficient to provide many centuries
of energy from nuclear power. In fact, utilization of current stock-
piles of U-238 could eliminate the need to mine uranium for may
years.

C. Current Contribution to U.S. Energy Supplies
Breeder reactors are not currently contributing to U.S. energy

supplies.
D. State-of-the-Art

Although the first liquid metal fast reactor began operation in
1945, the LMFBR is still in the demonstration phase of develop-
ment in the United States and abroad.

The Experimental Breeder Reactor (EBR I), an LMFBR built by
the Atomic Energy Commission, produced the world's first electric-
ity from nuclear power in 1951, and proved that the breeding
theory was correct. Several other experimental and demonstration
LMFBRs have been operated in the United States since then, in-
cluding the Enrico Fermi Power Plant. This privately owned 61
Mw8 plant, located near Detroit, produced the first commercial
electricity from a breeder in 1963. The Fermi plant suffered an
accident which led to some melting of fuel in 1966. After restoring
the plant in 1970, it was determined that it was not economically
competitive with other methods of electricity generation and the
plant was shut down in 1972.

The largest operating LMFBR in the world is the 600 Mw BN-
600 in the Soviet Union, which began operation in April 1980. Still

5 Naturally occurring uranium contains 0.7 percent U-235. This must be increased to from 2 to
4 percent for the uranium to be used as fuel in LWRs. Increasing the amount of U-235 in a
supply of uranium is called enrichment. In order to enrich part of a supply of uranium, it is
necessary to deplete the rest of the supply. The amount of U-235 remaining in the depleted
uranium is called the tails assay. Current enrichment methods are not economical with a tails
assay below 0.2 percent. Introduction of advanced enrichment methods, which could reduce the
tails assay to 0.05 percent, would represent a 30 percent increase in the amount of usable
uranium.

6 About one-third of the fuel from an LWR must be removed and replaced each year. Roughly
half of the energy content of the fissile portion of fresh fuel remains in the spent fuel in the
form of unused U-235 and Pu which has been created. Reprocessing refers to a series of
procedures by which the fissile material can be recovered from the spent fuel and used to make
fresh fuel. Reprocessing could reduce a typical LWR's lifetime fuel use by one-third.

7The Carter administration does not believe that introduction of breeder reactors will be
necessary before 2020. However, others claim that uranium resources will be inadequate if
breeders are not introduced sooner.

8 In this chapter the abbreviation Mw will refer only to electrical power; Mwt, or thermal
megawatts, will be used when referring to heat production. About one-third of the thermal
power produced in a nuclear reactor can be transformed into electricity.
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larger reactors are required in order to be economically competi-tive with other methods of electricity generation.
Breeder reactor designs other than the LMFBR are in the tech-nology development or early experimental stage and have yet todemonstrate breeding.

E. Current Research and Development
The fiscal year 1979 spending by DOE for all breeder reactorresearch and development was $563 million for LMFBRs, $63 mil-lion for LWBRs and $26 million for GCFRs. FY80 appropriationsare $615 million for LMFBRs, $60 million for LWBRs and $26million for GCFRs. Total FY 80 Federal funding amounted to about$742 million.

1. LIQUID METAL FAST BREEDER REACTORS

The major facilities for the development of LMFBRs in theUnited States are the Experimental Breeder Reactor II (EBR II)and the Fast Flux Test Facility (FFTF). A highly controversialfacility, the Clinch River Breeder Reactor Project (CRBRP), hasbeen designed and some equipment has been built and delivered,but construction has not begun at the site.
The EBR II, located at DOE's Idaho National Engineering Labo-ratory (INEL) in Southeastern Idaho, is a 62.5 Mwt sodium-cooled

pool-type fast reactor used primarily for safety, fuels, and materialsexperiments.
The FFTF, located at Hanford, Washington, is a larger facilitythan EBR II and is also designed to test breeder reactor fuels andmaterials and to acquire experience in design, development andconstruction leading to an LMFBR demonstration plant. This 400Mwt facility began operation in February 1980.
The proposed CRBRP, designed as a 380 Mw sodium-cooled loop-type LMFBR, is intended to demonstrate commercial feasibility ofbreeder reactors. The completion of this facility is currently asubject of disagreement between the Carter Administration and theCongress. The escalating cost of the plant, coupled with concernover the weapons proliferation potential of the plutonium whichthis type of reactor will breed, has led to efforts by the Administra-tion to cancel the project and redirect national efforts towardsalternative breeder concepts which would not produce plutonium.Congressional action has supported CRBRP despite the President'sposition, but work on the project has fallen considerably behindschedule. Originally, CRBRP was to have begun operation in 1982.If the project were now to proceed without further delay, it isestimated that its operation could begin in 1988.
The United States is only one of several countries actively en-gaged in LMFBR programs. France, the United Kingdom, and theSoviet Union all have operating demonstration LMFBRs largerthan any built thus far in the United States. In addition, thosethree countries and the Federal Republic of Germany all havecommercial scale plants scheduled for operation in the 1980s, al-though only France has started construction. Table 7 summarizesforeign LMFBR facilities larger than 50 Mw.
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TABLE 7.-FOREIGN LMFBR FACILITIES LARGER THAN 50 Mw.

Country Facility fwPower Operating date
Country Facility (~~~~~~Mw)

France............................................................ Phenix............................................ 250 1973.
France ( l ) ...... Super-Phenix ...... ,. . 1,200 1983.
Germany (2)...,,,,,,.. SNR-300 .......................................... 300 1982.

Germany (3) ...... SNR-2 ., 1,300 Late 1980's.
Japan............................................................. Monju ... ,,,,.,. 300 1987.
United Kingdom ...... PFR .................... 250 1974.
United Kingdom ...... CFR .1,300 Late 1980's.
U.S.S.R . BN-350 ... . . . . 350 1973.
U.S.S.R . BN-600 .600 1980.
U.S.S.R . BN-1600 ... 1,600 Late 1980's.

lUtility ownership France 51 percent, Italy 33 percent, Germany 16 percent.
2 DMBENE consortium (Belgium, Germany, and the Netherlands).

Utility ownership: Germany 51 percent, Italy 33 percent, France 16 percent.

In addition, Japan and Italy are operating smaller experimental
LMFBRs and several other countries are participating in coopera-
tive breeder programs.

2. LIGHT WATER BREEDER REACTORS

The immediate objective of DOE's Water Cooled Breeder pro-
gram is to confirm that breeding can be achieved in existing and
future light water cooled reactor systems using the U-233/Th fuel
system. An LWBR core has been developed and is now operating in
the Shippingport Atomic Power Station, in Western Pennsylvania.
It is expected that when this core is removed, in 1981 and 1982, it
will contain about one percent more fissile material than was
present in the original fuel.

3. GAS-COOLED FAST REACTORS

The DOE program for the development of GCFRs is one of three
interrelated programs. The other two are a program supported by
the General Atomic Company and the Helium Breeders Associates
(HBA) 9, and an international program carried out under an agree-
ment between the United States, the Federal Republic of Germany,
France and Switzerland. The DOE accounts for about half of the
funding for support of GCFR development. The DOE has contract-
ed with HBA to provide overall management of the GCFR pro-
gram.

Development of the GCFR by the DOE has been viewed as a
backup to the LMFBR l0, and hence no formal commericalization
program was planned for GCFR. For fiscal year 1980, $26 million
was appropriated for GCFR research and development, but the
Administration decided to terminate the program in fiscal year
1981 and requested no funding for GCFRs. Funding remaining
from the fiscal year 1980 appropriation would allow development
work to continue on systems, components, fuel, and safety. How-
ever, in his March 1980 revision to the fiscal year 1981 budget

IHBA is comprised of utility companies which represent about 30 percent of the electrical

generating capacity in the United States.
to U.S. Department of Energy. Office of Nuclear Energy Programs. Fission Energy Program of

the U.S. Department of Energy. Washington, U.S. Government Printing Office, April 1979.
DOE/ES-0089, p. 230.
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request, the President recommended terminating the GCFR pro-
gram earlier than originally planned, thereby saving $8 million.

The major DOE program for GCFR development are the Core
Flow Test Loop (CFTL) and the Gas Reactor In-Pile Safety Test
(GRIST-2). The CFTL is-a non-nuclear test facility to analyze heat
removal problems in GCFR reactors. GRIST-2 is a test reactor loop
for the study of fuel behavior.

Efforts are underway for the U.S., West Germany, France, Swit-
zerland and Belgium to develop a single international GCFR
design. Major foreign contributions are in the design, fabrication
and testing of fuels in the Belgian BR-2 test reactor, and in heat
transfer experiments in the Agathe loop in Switzerland.

4. MOLTEN SALT BREEDER REACTORS

The United States operated the Molten Salt Reactor Experiment
(MSRE) from 1965 to 1969 at Oak Ridge National Laboratory in
Tennessee. The 7.4 Mwt reactor circulated fuel salt at approximate-
ly 1200 degrees F for a total of 2'/2 years." In February 1973, the
AEC terminated the MSBR program, but it was reinstated early in
1974 and continued until the end of fiscal year 1976. Although DOE
has not requested funding for MSBR since that time, it is among
the breeder designs being reevaluated in light of new concerns
about the proliferation dangers of plutonium. Operating on the
thorium cycle, the MSBR has the highest breeding ratio of the
thorium breeders, and since the fuel is liquid and on-line process-
ing is possible, there would be a much smaller loss of newly created
fissile material than would occur in the out-of-reactor reprocessing
and refabricating steps required with the other breeder designs
which would lose up to 2 percent of the new fissile materials.

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development

The LMFBR is in the demonstration stage of development. Its
requirements for further development are discussed in B.1, below.

1. LIGHT WATER BREEDER REACTORS

The LWBR is in the technology development stage. The main
goal at this stage is to show that it is possible for a LWBR to
produce more fuel than it consumes. An experimental LWBR core
is scheduled to be fully removed from the Shippingport reactor by
1982. Analysis of this core to determine if breeding has been ac-
complished and to learn more about the interactions between the
fuel, moderator and coolant in a light water reactor fueled with U-
233 and thorium will continue until 1984. If these yield favorable
results, demonstration activities to define the economics of the
system could begin. The DOE estimates that funds required for this
program for fiscal year 1980 through fiscal year 1984 will be $267
million 1980 dollars.

as McNeese, L. E., and M. W. Rosenthal. MSBR: A Review of Its Status and Future. Nuclear
News, September 1974: 51.
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2. GAS-COOLED FAST REACTORS

Research and development of the GCFR is being conducted under
a jointly funded government-industry Program Definition and Li-
censing Phase (PDLP) effort, which is coordinated with German,
French, Swiss and Belgian programs under an international um-
brella agreement. This phase was scheduled to end in 1985, al-
though the Carter Administration's decision to terminate the pro-
gram after fiscal year 1980 will obviously impact this plan. By
1985, the engineering design of a demonstration GCFR was expect-
ed to be about 70 percent complete and sufficient supporting infor-
mation was to have been available to allow cost studies to be
performed which would enable a decision to be made regarding the
construction of a demonstration plant.

The DOE estimates that the development of a GCFR is about ten
years behind the LMFBR, and that it would take roughly $1 billion
to close this gap. 12

3. MOLTEN SALT BREEDER REACTOR

The MSBR is the least developed of any of the breeder designs.
Although the basic reactor physics is thought to be well known
from the MSRE program, other areas still require significant inves-
tigation (see section III. A.) before any decision could be made
concerning development or commercialization of this technology.

B. Demonstration

1. LIQUID METAL FAST BREEDER REACTORS

According to the DOE, if the Administration and the Congress
agree to proceed with construction of the CRBRP, the facility could
begin operation in 1988. With this starting date, the total cost of
the project is estimated to be $2.6 billion.13 According to the Gen-
eral Accounting Office, DOE spent $0.7 billion through September
30, 1979 on CRBRP and the total industry contribution to the
project will be $0.3 billion. Hence, the remaining cost of the project
to the Federal Government is estimated to be $1.6 billion.

If CRBRP is completed, it will have to be followed by the oper-
ation of a full scale LMFBR (sometimes referred to as the Proto-
type Large Breeder Reactor, PLBR) before commercialization ef-
forts can begin. Some opponents of the Clinch River project claim
that, if CRBRP was cancelled, work could begin immediately on a
600 to 900 Mw LMFBR, which could be operating by the early
1990s. While the Administration favors cancellation of CRBRP,
thus far it has agreed only to replace it with studies of a PLBR
rather than to make a commitment to its construction.

Estimates of the earliest date for initial operation of a PLBR
vary from the early 1990s to after the year 2000. Estimates of the
cost of this plant are not available. In addition, it is not yet clear if

"U.S. Congress. House. Committee on Science and Technology. Subcommittee on Fossil and
Nuclear Energy Research, Development and Demonstration. 1979 Department of Energy Au-
thorization. Hearings, 95th Congress, 2d session. Feb. 2, 7, 8, 1978. V. 111. Nuclear Energy
Research, p. 791.

13 U.S. General Accounting Office. The Clinch River Breeder Reactor-Should the Congress
Continue to Fund It? Washington, U.S. Government Printing Office, May 7, 1979, 31 p. EMD-
79-62.
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this would be the last demonstration reactor required before com-
mercialization.

2. LIGHT WATER BREEDER REACTORS

The requirements for future demonstration activities in connec-
tion with LWBRs is dependent upon present development efforts.
No time scale or cost estimate has been established for a LWBR
demonstration. However, since a-demonstration LWBR reactor core
can be placed in a modified light water reactor, the cost of a
demonstration program for this technology might be considerably
less than that required for the LMFBR, which requires the develop-
ment of a completely new power plant technology.

3. GAS-COOLED FAST REACTORS

The Carter Administration's -decision to terminate the GCFR
program at the end of fiscal year 1980 makes such a scenario
unlikely, but if a decision were made to build a demonstration
GCFR at the end of the Program Demonstration and Licensing
Phase (PDLP) in 1985, such a plant might be built by the early to
mid 1990's. The cost of this plant might be shared by DOE, indus-
trial groups, and the foreign countries participating in the present
development effort. It has not yet been established whether an-
other demonstration plant would have to follow this effort before
commercialization could begin.

C. Commercialization

Commercialization efforts have not yet begun in the United
States for any breeder design. However, commercialization activi-
ties in connection with LMFBRs are underway in several other
countries. Given a vigorous and successful demonstration program
through the PLBR, the first commercial LMFBRs could appear in
the United States shortly after the year 2000-additional plants
could follow soon thereafter. Breeder reactors, and their associated
converter reactors which use the bred fuel, could in principle ac-
count for nearly all new electricity generation capacity ordered
after a one to two decade introductory period. However, this is
dependent upon the alternatives available and many of the factors
discussed in section III below.

A commercial GCFR might also be available shortly after 2000, if
that design is chosen for vigorous pursuit and only one demonstra-
tion plant is needed. However, if a second demonstration plant is
required, commercialization could be set back at least another 10
years.

If LWBRs are successfully demonstrated, the first commercial
plants could possibly be in operation before the year 2000. This
early introduction of LWBR technology could occur if light water
breeder cores are compatible with then-existing LWRs being de-
ployed. However, a supply of U-235 would have to be developed
before a large number of LWBRs could operate. This requires that
non-breeding light water reactors be operated with "pre-breeder
cores," which are fueled primarily with U-235 and convert thorium
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into U-233, but produce less fuel then they consume. Breeder cores
could then be fueled with the U-233 produced. 14

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

This section will discuss only obstacles to the implementation of
breeder reactors. The many problems which face all forms of nucle-
ar energy are discussed in the chapter on Conventional Light
Water Nuclear Reactors.

A. Technical

At this time, there are no known technical barriers to the devel-
opment of LMFBRs or GCFRs. However, technical problems might
arise as power plants are scaled up, and could lead to long delays
in the implementation of these technologies.

The prospects for eventual development of LWBRs are not quite
so certain. Breeding has yet to be demonstrated for LWBRs and the
maximum conversion ratio expected for this type of reactor is only
about 1.02. It is possible that technical problems could prohibit the
achievement of conversion ratios greater than one. 1 5

A number of technical obstacles remain with the MSBR concept.
The most serious problems involve developing materials capable of
containing the corrosive molten salt mixture. Another problem
area is removing tritium, which is produced from lithium in the
fuel salt so that it does not reach the steam system and escape into
the environment.

Reprocessing of spent fuel is an integral part of any breeder
reactor fuel cycle. Commercial scale reprocessing has already been
demonstrated for some forms of fuel. However, in order to support
a large scale breeder reactor program, new reprocessing technol-
ogies will have to be developed for the fuel cycle which is eventual-
ly chosen. To be acceptable to society, future reprocessing technol-
ogy may have to be more resistant to the possibility of diversion of
potential weapons material than are present technologies.

It is believed that reprocessing technology can be developed more
rapidly than can the breeder reactors themselves. However, delays
in establishing this technology could slow the implementation of
breeder reactors.

Present usage of thorium is very small. If a thorium-based fuel
cycle is chosen, a greatly expanded thorium mining and processing
industry would have to be developed. This is not expected to pres-
ent technical problems, but unforeseen troubles may arise.

14 Additional information regarding the factors affecting the possible commercialization dates
for the various breeder technologies appears in U.S. Congress. House. Committee on Science and
Technology. Subcommittee on Fossil and Nuclear Energy, Research, Development, and Demon-
stration. Alternative Breeding Cycles for Nuclear Power: An Analysis. Committee Print. Pre-
pared by the Congressional Research Service, Library of Congress. Washington, U.S. Govern-
ment Printing Office, October 1978. Chapter V. Commercialization of Alternate Breeder Tech-
nologies, pp. 45-52.

Opponents of LWBRs question whether they could be called breeder reactors even if a
conversion ratio of 1.02 was achieved. Since some fuel is inevitably lost during reprocessing,
there would be a net loss of fertile material associated with the operation of LWBRs with their
comparatively low conversion ratio, rather than a net gain as with other breeders. This distinc-
tion may be artificial, however, as successful operation of an LWBR with a conversion ratio of
1.01 could extend fissionable resources for many centuries, and even a conversion ratio of
slightly less than one could allow operation of nuclear reactors for hundreds of years with
currently known resources.
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B. Economic
A paramount question in the breeder reactor debate is whetherthe country will want or need a breeder at all. This is partially aneconomic question. Some experts expect that the capital costs of abreeder reactor will be from 25 to 75 per cent greater than capitalcosts for a similar sized light water reactor. If these projections arecorrect, breeder reactors would become economical compared toconventional reactors only if uranium becomes scarce and/or pricesrise dramatically. When, and even if, this will occur is dependent

upon the growth rate of nuclear power, the extent of future urani-um discoveries, other advances in uranium process and utiliza-tion 16 and the development of alternate energy sources.
A 1979 DOE study 17 estimated the transition date to an econom-ic breeder reactor under a wide range of assumptions regarding theabove uncertainties. The study provides examples in which thetransition might occur as early as 1997 and others in which it doesnot occur until after 2050. Carter Administration strategy is basedupon the assumption that breeder reactors will not be economicalbefore 2020.
A separate economic problem which might affect the implemen-tation of breeder reactors is that of the development of the support-ing stages of the fuel cycle. Reprocessing technologies and a thor-ium industry (if that fuel cycle is selected) might be technologically

and otherwise achievable, but could lag in development until acommitment has been made to a sufficient number of breederreactors to make these operations economical. Unavailability ofthese technologies might in turn limit orders for breeder reactors.

C. Environmental
It appears that the environmental and safety problems associat-ed with the operation of breeder reactors will be similar to thoseassociated with LWRs.18 However, it is too early to make a de-tailed analysis of breeder reactor safety features. Safety relatedproblems, which may emerge after commercial plants are built,could hinder the implementation of breeder technology.

D. Social
Social problems relating to nuclear power are discussed in thechapter on Conventional Light Water Nuclear Reactors.

E. Political
Considerable concern has been raised about the danger of nucle-ar weapons proliferation in connection with the LMFBR fuel cycle.There is concern that terrorists might be able to obtain plutoniumfor use in fabricating nuclear weapons at some stage during repro-

' 6 Advances in enrichment techniques, introduction of advanced converter reactors, and repro-cessing of spent fuel.
"7 U.S. Department of Energy. The Nuclear Strategy of the Department of Energy. Washing-ton, U.S. Government Printig Office, April 1979, 78 p. DOE/ER-0025-D.
"U.S. Congress. House. Committee on Science and Technology. Subcommittee on Fossil andNuclear Energy Research, Development, and Demonstration. Alternative Breeding Cycles forNuclear Power: An Analysis. Committee Print. Prepared by the Congressional Research Service,Library of Congress. Washington, U.S. Government Printing Office. Oct. 1978, 126 p.
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cessing or fuel fabrication. There is also concern that the introduc-
tion of LMFBRs worldwide would increase the number of govern-
ments which have access to weapons material. These concerns may
ultimately limit the development of breeder reactors which operate
on plutonium based fuel cycles. Although some consider the prolif-
eration dangers of reprocessing in thorium-based fuel cycles small-
er than for plutonium-based fuel cycles, it is possible that this
danger might also ultimately be judged to be unacceptably high.

Sixty-six nations and five international organizations recently
participated in an International Nuclear Fuel Cycle Evaluation
(INFCE) which was convened by the United States in October 1977
to evaluate the proliferation dangers of the various nuclear fuel
cycles. The summary report of INFCE, which was released in Feb-
ruary 1980, concluded that no fuel cycle can be made proliferation
proof through technical means alone. INFCE further concluded
that the proliferation risks of any fuel cycle, taking into account
the institutional measures which have been proposed by that body
to reduce the risks of proliferation from all fuel cycles, must be
balanced against any economic, environmental, energy strategy,
and resource utilization advantage that the fuel cycle might
have. 19

Another political obstacle to the early development of breeder
reactors is the Carter administration's position that the Clinch
River Breeder Reactor Project should be cancelled. It is not clear
whether cancellation of CRBRP would actually delay the develop-
ment of breeder reactors, since some claim that work could then
begin sooner on a large breeder reactor which would have to be
built in any event.20 However, the Administration has committed
itself only to studies of another breeder reactor demonstration
plant, rather than to design and construction.

Congress and the Carter administration have clashed over the
future of the breeder reactor since April 1977, when the President
announced that because of the dangers of proliferation, he would
recommend indefinite deferral of commercial reprocessing and re-
cycling of plutonium, and that there was "no need to enter the
plutonium age by licensing or building a fast breeder reactor such
as the demonstration plant at Clinch River." Since then, the Ad-
ministration has favored the cancellation of the CRBRP and redi-
rection of funds to studies of other breeder and advanced converter
fuel cycles, as well as to increase uranium enrichment and further
exploration for uranium. One of the Administration's main argu-
ments for cancellation of CRBRP is a claim that the pool-type
design used in France and the Soviet Union has been shown to be
better than the loop-type. Hence, CRBRP, which is a loop-type, is
an "obsolete technology." This claim is disputed by proponents of
CRBRP.

Despite Administration efforts, Congress has continued to fund
CRBRP. However, the political difficulties surrounding the project
have contributed to a slippage of its development schedule and to
serious uncertainty over its future.

International Nuclear Fuel Cycle Evaluation. INFCE Summary Volume. Vienna, Interna-
tional Atomic Energy Agency, 1980, 72 p.

20 1endrick, Hugh, Acting Director, Nuclear Altrenative Systems Assessment Division, DOE,
in remarks at Federal Staff Seminar on Plutonium and Nuclear Power. Georgetown University,
May 27, 1980.
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IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990None.
B. Contribution by 2000 or Beyond

It appears that with an aggressive development program, thefirst commercial breeder reactors could be available shortly afterthe year 2000. However, if sufficient uranium is still available, it isunlikely that breeders will have an economic advantage over LWRsor advanced converter reactors at that time. Hence, breeder reac-tors are not expected to contribute significantly to U.S. energysupplies until after the year 2000. Depending on the growth rate ofall nuclear power, the extent of future uranium discoveries andother advances in uranium processing and utilization, breeder reac-tors may be introduced in the United States shortly thereafter ornot for several decades. Eventually, if nuclear fission is to remain along-term energy option, breeder reactors will have to be an inte-gral part of the nuclear fuel cycle.



FUSION *

I. SURVEY OF THE CURRENT SITUATION

In a power plant based on fusion power the fusion reaction would
replace the conventional coal/oil fire box or fission reaction as the
source of heat used to produce steam for the generation of electric-
ity. However, in contrast to coal, oil, and fission power, the scientif-
ic feasibility of fusion power remains unproven.

A. Description of the Technology

Unlike nuclear fission reactors which extract the energy that
results from splitting heavier elements into lighter fragments, nu-
clear fusion reactors would utilize the energy released when lighter
elements combine to form heavier elements. Most proposed nuclear
fusion power plants are based on the reaction wherein one atom of
deuterium and one atom of tritium (both gases, and isotopes of
hydrogen) collide and fuse to form an atom of helium. The reaction
releases energetic neutrons which are absorbed by and heat the
surrounding coolant. The coolant when heated generates steam,
which is used to power conventional turbines for the production of
electricity. One difficulty in achieving nuclear fusion is heating the
fuel mixture of deuterium and tritium to a hot "plasma" state, in
which the electrons have been stripped from the nuclei, and the
nuclei are colliding with sufficient force to overcome their mutual
repulsion, thus enabling fusion to occur. Another great problem in
attaining nuclear fusion is the confinement of this plasma at suffi-
cient density for a sufficient duration so that enough reactions take
place to return more energy than is used to heat and contain the
plasma. The different approaches to fusion may be categorized by
the method used to heat and contain the plasma.

1. MAGNETIC CONFINEMENT

For the plasma to remain at the required temperatures, it cannot
touch any solid walls or cooler gases. In the traditional design
approach, the confinement of plasma is attempted with a magnetic
field. Plasmas will freely slide along in the direction of the magnet-
ic field lines but tend not to flow through the lines. Thus, in the
magnetic confinement approach, plasma containment is attempted
by interposing magnetic fields between the plasma and the walls of
an otherwise evacuated chamber.

Magnetic confinement systems fall into two basic categories:
open-ended and closed systems. The most advanced open-ended
system is the magnetic mirror scheme, so called because in this
configuration the magnetic field lines close together and intensify
toward the ends. Thus, charged particles moving toward the ends,
where the field strength is highest, are reflected back toward the

Prepared by Lani H. Raleigh, specialist in aerospace and energy systems.
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middle. The particles may be reflected back and forth numeroustimes before they escape.
Another plasma confinement scheme is the closed toroidalsystem. This design attempts to improve plasma confinement bybending the plasma column into a torus, thus eliminating the ends.The tokamak, a doughnut-shaped tube inside of which hot plasmais contained by magnetic fields, and its variations are, to date, themost successful magnetic confinement devices.
Generally, in magnetic containment schemes fuel would be intro-duced either continuously or periodically into the reaction chamberwhere it would be heated and compressed into a dense plasma toproduce fusion. The flux of energetic neutrons, which are a productof the reaction, would heat a coolant, such as molten lithium,flowing within the walls of the reaction chamber. The heated lith-ium would then be passed through a heat exchanger where itwould generate steam to power a conventional turbine generator.

2. INERTIAL CONFINEMENT

Inertial confinement represents an entirely different approach todesigning nuclear fusion reactors. The basic concept involves focus-ing a short burst of high energy laser light or charged particlebeam onto a minute pellet or a glass microsphere containing adeuterium-tritium (D-T) gas mixture. The energy of the laser light.or particle beam, striking and heating the outer layer of the pellet,causes it to explode. This explosion of outer surface layer materialdrives the remaining contents of the pellet inward, creating anextremely dense, hot core region where fusion reactions occur.Theoretically, this inward thrust will eventually result in inertialconfinement of the plasma for a sufficient length of time to allow asignificant number of fusion reactions to occur.
Design proposals for inertial confinement reactors include alarge spherical reaction chamber with very strong walls. Fuel pel-lets would be exploded in the reaction chamber at the rate of oneor so per second. As in the magnetic containment schemes, heatwould be generated in the molten lithium coolant by the capture ofreaction neutrons. The heat from the lithium would be used toproduce steam to power a conventional turbine generator.

3. OTHER FUSION ENERGY TECHNOLOGIES

(a) Synthetic fuels. -Efforts are underway to develop a method touse fusion neutrons to produce methane, the principal ingredientin natural gas. The neutrons produced in a fusion reaction wouldbe used to break down water molecules into their constituent ele-ments, hydrogen and oxygen. If hydrogen could be produced cheap-ly, it could easily be converted to methane which could be feddirectly into the natural gas distribution network as a substitutenatural gas.
(b) Fission-fusion hybrid.-The D-T fusion reaction releases anexceptionally energetic neutron (14 megaelectronvolts) that will beused in a lithium blanket to generate the tritium atom consumedin the reaction. These neutrons could also be used to breed plutoni-um from uranium either in a cooling blanket or in a reactor coresurrounding the fusion reaction. Such a concept is called a"hybrid".
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B. Known Resources and Reserves

Ideally, a fusion reactor could operate on a deuterium-deuterium
reaction. However, since ignition of a D-D reaction is difficult,
present first-generation reactor designs are based on the easier to
ignite deuterium-tritium reaction. A fusion plant operating on a D-
T cycle would be limited by the availability of lithium with which
to breed tritium. Initial estimates indicate that reserves of high
quality lithium ores and lithium salts would be sufficient to oper-
ate fusion plants for several thousand years.

Recently, however, concern has surfaced over the relatively
small rate of current lithium production and the increasing
demand for this versatile, light metal. Lithium already has a vari-
ety of industrial uses and shows great promise in new types of
storage batteries. Unless lithium exploration is expanded and pro-
duction is increased, those seeking lithium for use in fusion plants
will have to compete with other buyers to obtain the limited sup-
plies. I

The supply of deuterium, the other half of the D-T fuel used in
fusion plants, is virtually unlimited. A portion of all natural hydro-
gen is actually the heavier deuterium and is readily separated from
seawater. Thus, the world's oceans could supply fusion fuel for
many thousands of years.

One resource, which is unrelated to fusion fuel requirements, but
essential for some fusion devices, is helium. Helium has unique
physical properties. It is the only element which does not solidify
at temperatures approaching absolute zero (-273 C); it has excel-
lent heat transfer properties; it is transparent to radiation; and, it
does not become radioactive. In fusion devices, helium may be used
to cool lasers and large superconducting magnets. It is also a
candidate reactor coolant.

Helium is found in the atmosphere and in natural gas deposits.
When natural gas is processed for fuel, helium is lost to the atmos-
phere unless it is extracted for use or stored. Each year nearly 13
billion cubic feet of helium escape into the atmosphere. Currently,
helium conservation legislation requires the Federal Government
to provide for Federal agency needs only. Some fear that as natural
gas supplies dwindle, and as helium-dependent energy technnolo-
gies grow in importance, there will be a shortage of the resource
unless the Federal Government assumes responsibility for conserv-
ing helium to meet future needs. Technically, there remains the
possibility of atmospheric extraction, but this method is exorbitant-
ly expensive, $2000 per thousand cubic feet, compared to $13 per
thousand cubic feet for recovery from natural gas.2

C. Current Contribution to U.S. Energy Supplies

Fusion currently makes no contribution to U.S. energy supplies.

'I. Y. Borg and L. G. O'Connell, "Lithium's Role in Supplying Energy in the Future", Energy

Sources, vol. 2, No. 4, 1976.
2General Accounting Office. Unique Helium Resources Are Wasting; A New Conservation

Policy Is Needed. U.S. Government Printing Office, Washington, D.C., March 7, 1979, 98 p.
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D. State-of-the-Art

No fusion scheme has demonstrated scientific feasibility, or abili-
ty to produce as much energy as is consumed in the process.

E. Current Research and Development

1. MAGNETIC CONFINEMENT-U.S. PROGRAM 3 4

The majority of magnetic confinement research and development
is funded by the Department of Energy (DOE) and performed by
the major Federal research laboratories, the private sector, and
universities. Magnetic confinement research is focused on the
major plasmas physics and technical/engineering problems which
must be solved before commercial fusion power is a reality. Areas
of research include: plasma physics research associated with heat-
ing and confining hot plasmas; efforts to develop materials which
will withstand intense radiation; development and fabrication of
durable, less expensive superconducting magnets and magnet
shields; research to determine the compatibility of candidate reac-
tor coolants with containment materials; methods to contain radio-
active tritium; and the development of reactor designs which will
allow sufficient access and maintainability to be commercially
viable.

These problems are approached through fundamental research,
and the design, fabrication, and operation of proof-of-principle ex-
periments. Emphasis is placed on the tokamak and mirror fusion
devices, since they are the most advanced and show the greatest
promise of proving scientific feasibility. There is, however, a con-
current development of alternate magnetic confinement devices
which have features that may make them more attractive for
commercial operation.

Currently, there are numerous small-scale, proof-of-principle de-
vices which are used to improve theories of plasma behavior, to
demonstrate the effectiveness of various experimental heating
schemes, and to test various reactor components. The next step is
to build increasingly larger devices to determine the effects of
scaling on plasma performance. The two major scaling experiments
in the area of magnetic confinement are the Tokamak Fusion Test
Reactor (TFTR) and the Mirror Fusion Test Facility (MFTF-B).

The Tokamak Fusion Test Reactor (TFTR) will be the largest
tokamak in the United States. It is expected to produce fusion
energy at the energy breakeven level, using a deuterium-tritium
(D-T) plasma. It will be used to study the physics of burning
plasmas and the engineering aspects of D-T tokamak operations
with power densities near those required for a commercial reactor.
It will be the first fusion device to explore the engineering require-
ments of remote maintenance, since the use of tritium will lead to
low-level contamination of some device components. Located at the

3 Authorizing Appropriations for the Department of Energy (DOE) for Fiscal year 1980. U.S.Congress, House Committee on Science and Techonolgy. House Report 96-196, pt. 3; 96thCongress, 1st sess., May 15, 1979, pp. 155-97.
41980 Department of Energy Authorization. Hearings before the House Committee on Scienceand Technology, Subcommittee on Energy Research and Production. Vol. III, 96th Congress, 1stsess., Feb. 27, 28, Mar. 2, 1979; pp.1-94, 363-438.
5 Energy and Water Development Appropriations for 1980. Hearings before the House Com-mittee on Appropriations. Pt. 5, 96th Congress, 1st sess.; Mar. 8, 1979, pp. 511-1050.
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Princeton Plasma Physics Laboratory, the TFTR is scheduled for
completion by March 1982 and is expected to cost $290 million.
Experiments on the TFTR are expected to provide the critical
physics and technology data base from which a tokamak prototype
reactor could be developed.

The Mirror Fusion Test Facility (MFTF-B) is expected to be a
major step in exploring conventional mirror characteristics under
reactor-grade plasma conditions. The principal purpose of the
MFTF is to provide a large-scale tandem magnetic mirror device
and supporting facility for performing physics experiments and
technology development needed to bridge the gap between smaller
existing tandem mirror experiments and a mirror fusion experi-
mental reactor. Located at Lawrence Livermore Laboratories, the
MFTF-B is expected to be completed by 1984 or 1985, for an
estimated cost of $225 million.

2. MAGNETIC CONFINEMENT-FOREIGN EFFORTS 6

The four major magnetic confinement fusion programs are those
of the United States, the Soviet Union, the European community
(England, France, West Germany, Italy), and Japan. All four major
magnetic fusion programs emphasize the tokamak and each nation
has now embarked upon a major confinement device. The Soviet
program is broadly based, but, as in the United States, there is
strong emphasis on tokamak research. The Soviet T-15 facility
(1982-83) will be roughly the same size as the U.S. TFTR, but it
will utilize for the first time a set of large superconducting mag-
nets which will extend its pulse length capability. Perhaps the
largest Soviet project is the T-20 tokamak. Although the plans for
this device are in an evolutionary state, it is expected to be larger
than any of the devices currently planned for operation in the mid-
1980's.

Members of the Commission of the European Communities (Eur-
atom) are combining efforts to build a $240 million Joint European
Torus (JET). The JET, scheduled for operation in 1984, will have
many times the plasma volume of the TFTR. Also, the capability
for limited deuterium-tritium burning could be added to JET in the
late 1980's.

The Japanese JT-60 (1982), larger than the TFTR, will not use
tritium but will have additional experimental flexibility, including
a divertor for removing impurities and the capability of shaping
the plasma cross-section.

Aside from these major efforts, fusion programs also exist in
Argentina, Austria, Australia, Belgium, Canada, Egypt, the Federal
Republic of Germany, France, Italy, Japan, Mexico, the Nether-
lands, Portugal, Spain, South Africa, and Sweden with lesser ef-
forts in Brazil, Czechoslovakia, Denmark, Israel, Poland, Switzer-
land, and the People's Republic of China.

There is significant exchange of scientific personnel and data
among those nations conducting fusion research. Much of this sci-
entific exchange is through the auspices of the International
Atomic Energy Agency (IAEA), the Internatonal Energy Agency
(IEA), and the Joint Fusion Power Coordinating Committee
(JFPCC). The international cooperative programs include short

6 Public Works for Water and Power Development and Energy Research Appropriations for fiscal
year 1979. Hearings before the Senate Committee on Appropriations. Pt. 4; 95th Congress, 2d Sess.
Mar. 13, 1978, pp. 475-607.
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visits and seminars, long-term working visits, basic plasma physicstheory experiments, and many aspects of joint techn6logy develop-ment in such areas as materials for fusion reactors, large supercon-ducting magnet systems, and plasma-wall interactions. Currentlyunder discussion is a proposal by the Soviet Union to build anInternational Tokamak Reactor (INTOR) which would be the nextstep beyond the various tokamak machines now under construc-tion. The purpose of such cooperative efforts is to allow each nationto obtain the benefits of the backup programs pursued by theothers to provide a broad base for future development withoutunnecessary duplication.

3. INERTIAL CONFINEMENT-U.S. PROGRAM 7 8

The Department of Energy (DOE) funds the majority of inertialconfinement fusion research and development. The primary goal ofthis effort is weapons technology applications and the secondaryobjective is the development of a means of commercial power gen-eration. As in the magnetic confinement program scientific feasibil-ity has not yet been demonstrated.
Essential to the achievement of scientific feasibility are the de-velopment of a driver with durability, high efficiency, high energy,high repetition rate, and short pulse length, and the fabrication ofa target (pellet) which can reach thermonuclear burn. There arecurrently a number of experiments which are used to test variousdriver technologies and targets.
The major experiment expected to achieve scientific feasibility isthe Nova neodymium glass laser, scheduled for operation by themid 1980s. Ten laser beams will be focused onto a minute target towhich 100 kilojoules of energy will be delivered in a billionth of asecond at a peak power of 100 terawatts. Nova, which will costapproximately $137 million, will be located at Lawrence LivermoreLaboratory in California.
The glass laser at Nova was chosen for this major scaling experi-ment because it is currently the most advanced driver and cantherefore be completed sooner than other driver designs. Neody-mium glass lasers are ideal candidates for military applicationsbecause they are an available technology and exceedingly flexiblein terms of power and pulse duration. Civilian applications, howev-er, place much more stringent requirements on a driver, requiringhigh efficiency, high repetition rate and long lifetime. Thus, inparallel with the effort to demonstrate scientific feasibility withthe Nova, other driver technologies, such as gas lasers and chargedparticle beam devices, are under active development. The majorscaling efforts utilizing these driver technologies are the AntaresHigh Energy Gas Laser and Electron Beam Fusion Acceleratorexperiments.
The Antares 100 kilojoule carbon dioxide laser will be located atLos Alamos Scientific Laboratory, Los Alamos, New Mexico. Thefacility will cost $63 million and be operational by early 1984. The
Department of Energy Authorization Legislation (National Security Programs) for FiscalYear 1980. Hearings before the House Committee on Armed Services, Subcommittee on Procure-ment and Military Nuclear Systems, 96th Congress, Ist Sess. Feb. 14, 15, 16; Mar. 5, 7, 21; Apr.9, 1979, 861 p.

8 Information also provided by the Office of Inertial Fusion, Department of Energy.
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laser system will consist of six power modules which will form 72

beamlines. It is expected to eventually achieve energy breakeven.
Construction of the Electron Beam Fusion Accelerator (EBFA) at

Sandia Laboratories, Albuquerque, New Mexico, is now nearing
completion. The EBFA will generate 36 beams of electrons or light
ions at a power level of 40 million watts. The facility cost $15

million and experiments are scheduled to begin in mid 1980. The

design of the facility will permit the power level to be increased
two or more times by doubling the number of beamlines, if this is

warranted by the results of the initial experiments.

4. INERTIAL CONFINEMENT-FOREIGN EFFORTS 9

The Soviet Union, Japan, Great Britain, France, West Germany,
Canada, the People's Republic of China, Israel, Argentina, and

Spain have inertial confinement fusion programs. Of these the

Soviet and Japanese programs are the largest.
Although the Soviets are pursuing some laser fusion devices,

they are emphasizing particle beam fusion experiments. They have

started construction on the Angara-5 electron beam machine.
When completed, it will have 48 electron beam generators and is

supposed to surpass breakeven.
The Japanese also have a large inertial confinement fusion pro-

gram. They are actively investigating glass, gas, and particle beam

driver technologies. Their major device is the Gekko 10 kilojoule
glass laser.

Other foreign programs consist of small experiments and re-

search efforts to study plasma physics and target development.

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development

Fusion power is regarded as a long term energy resource. At

present the development strategy of the Department of Energy
(DOE) for fusion power includes proving scientific feasibility, con-

structing demonstration reactors, and initiating commercialization
efforts.' 0 Scientific feasibility is defined as the extraction of as
much energy from fusion reactions as was provided to induce the

reactions. In magnetic confinement, scientific feasibility is expected
by 1983-84. In inertial confinement, DOE predicts that demonstra-
tion of scientific feasibility will occur by 1985-86.

After scientific feasibility has been demonstrated, the program
will move from applied research into a development phase. Accord-
ing to the DOE program plans, Engineering Test Facilities (ETFs)
will be constructed by the mid 1990s for the more promising de-

signs in both magnetic and inertial confinement. These facilities
will be integrated systems producing net energy gain using fusion
plasma techniques developed in the previous generation of experi-
mental devices. The ETFs will also establish the technological and
engineering requirements of each of the major components of a

prototype reactor.

9Ibid.

10 Energy and Water Development Appropriations for 1980. Hearings before the House Com-

mittee on Appropriations. Pt. 5, 96 Congress, 1st sess. Ma. 8, 1979, pp. 511-1050.
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B. Demonstration
Demonstration, the next phase of the DOE program, will involvethe operation of an Engineering Prototype Reactor (EPR). The EPRwill combine the elements tested in the superior ETF in a pilotplant which will approach for the first time complete energy gain,where the energy produced exceeds all energy consumed in keepingthe entire plant running. The EPR will also be designed to operatewith a plant availability near that of conventional power plants. Itwill also demonstrate a reactor-scale tritium fuel cycle with breed-ing modules, a high termperature blanket system, and reactorplant maintenance and safety systems. Demonstration will be com-pleted with the construction of one or more commercial demonstra-tion reactors (DEMOs), in which a net power gain in excess of 100megawatts per plant will be achieved. The objective of a DEMO isto demonstrate safe and reliable electrical power generation at anear-commercial scale in a utility environment providing the tech-nical and economic groundwork to allow private industry to decideon the rate at which fusion power plants can be commerciallyintroduced.

C. Commercialization
From the date of the successful operation of the EPR, DOEestimates that another 20 years will be required before fusionenergy reaches its Initial Operating Capability, or commercializa-tion stage, defined as production of power equivalent to three orfour 1000-megawatt powerplants. During this last stage of develop-ment, significant private investment is anticipated, although astrong Federal role will probably be necessary to facilitate thetransfer of the technology from the public to the private sector.Current expectations are that the Initial Operating Capabilitystage will be reached between 2020 and 2030.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

A. Technical
Both magnetic and inertial confinement approaches to fusionhave a host of theoretical and engineering problems that must besolved before fusion becomes a practical energy resource. There is ahigh level of confidence among fusion experts that the physics of afusion reactor can be conquered and scientific feasibility can beproved.I1 Perhaps the more formidable task at this point is thetechnical and engineering research needed to develop a reactorwhich will demonstrate commercial feasibiltiy. Commercial viabil-ity will depend to a large extent on the development of materialswhich are not expensive and can withstand intense radiation, theease with which component parts can be fabricated, and the reli-ability and maintainability of a given reactor design.

" See for example: Harold P. Furth, "Progress Toward a Tokamak Fusion Reactor", ScientificAmerican, September 1979, pp. 50-61; Arthur L. Robinson, "Fusion Energy in Our Time",Science, Feb. 8, 1980, pp. 662-624; Department of Energy, "General Characteristics and Assess-ment of the Scientific/Technical Feasibility of the Next Major Device in the Tokamak FusionProgram: Summary of the U.S. Contributions to the INTOR Workshop", September 1979, 13 p.;Atomic Industrial Forum, "Fusion Energy at the Crossroads: Role of the Private Sector", Dec.31, 1979, 12 p.; as well as the reports of the DOE Fusion Power Coordinating Committee and theFusion Power Associates.
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B. Economic

Since there as yet no final plans for an operating commercial
fusion reactor, the economic costs of a fusion plant are, at present,
speculative. Nevertheless, cost estimates of various potential reac-
tor components may be valuable to the extent that they indicate a
general order of magnitude and may be helpful in identifying areas
in which more basic research is needed to develop cost-reducing
technologies. One such area is materials research to develop mate-
rials which will withstand the intense radiation environment of a
fusion reactor and will therefore need replacement less often.
Other factors which will impact on fusion economics are reactor
size, availability, and maintainability, as well the construction time
required to assemble the various fusion plant components. 1 2

C. Environmental

Fusion power generation is expected to involve a minimal hazard
from nuclear by-products. Tritium gas, which would be collected
from the lithium coolant for use as fuel, has a low energy beta
radioactivity and a short half-life (approximately 12.5 years). It is
therefore not as hazardous as radioactive plutonium-239, iodine,
strontium, cesium, or many other fission by-products.

Nevertheless, since all radioactive elements must be considered
ultimately harmful, measures which protect the environment
against their distribution must be taken. Tritium is potentially
harmful because it is a light gas and spreads rapidly, and because
it can replace hydrogen in molecules such as water and be easily
ingested by humans. It does not, however, concentrate in any body
tissue and is eliminated from the human system in 5 to 12 days.

Another environmental consideration involves the reactor vessel
itself. Since the neutrons in the D-T reactions are very energetic
and will cause the reactor structure to become radioactive after
several years of operation, there is a problem of structure disposal
or storage. Current efforts to develop materials which are more
impervious to tritium and intense neutron fluxes may reduce the
environmental problems of tritium release and disposal of radioac-
tive materials.

D. Social

The major social issue concerning fusion power, other than the
uncertainties typically associated with the employment of an un-
known technology, relates to the centralized vs. decentralized
energy debate. Because of their large size and expense, nuclear
fusion power plants will necessarily be centralized energy sources.
Those who are philosophically opposed to an energy policy based on
centralized energy sources may, therefore, object to the widespread
implementation of nuclear fusion power.

E. Political

One of the political issues regarding fusion development concerns
the pace and funding of the program. With development costs that

12 See D. A. DeFreece, "Fusion Energy Economic and Commercialization Trade-Offs", EPRI

Executive Seminar on Fusion, Oct. 11-13, 1977, San Francisco, Calif., reprinted in "A Feasibility

Study for Enhancing the Development of Fusion Energy", Electric Power Research Institute
(EPRI), EPRI ER-788-SR, March 1979, 150 p.
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will be measured in billions of dollars and no immediate return oninvestment, fusion research has not attracted much private sectorsupport and is therefore funded almost entirely by the FederalGovernment. Thus far, the Federal Government has spent $686million on inertial confinement fusion and $2 billion on magnetic
confinement fusion. The fiscal year 1980 appropriations for mag-netic confinement program total $355 million; the inertial confine-ment fusion appropriations total $192 million. It is estimated thatanother $14 to $16 billion must be spent before commercial fusionpower will be demonstrated.

In the magnetic confinement program there is an on-goingdebate as to whether the pace of the program should be significant-
ly accelerated with greatly increased near-term funding levels. Op-ponents argue that the tokamak design is the only design which issufficiently advanced to be accelerated, and that its accelerated
development will foreclose other alternative designs which aremore commercially attractive. Proponents argue that accelerating
the development of the tokamak will yield findings valuable to allmagnetic confinement fusion approaches. In addition, they pointout that the Department of Energy has developed a strategy where-
by a demonstration reactor could be built by 1995 without foreclos-ing any promising alternative concept. Furthermore, althoughnear-term funding would have to be increased by 100 percent forsuch an accelerated approach, an overall cost reduction of approxi-mately 15 percent would be achieved by shortening the period oftime required for technology development, thereby minimizing theeffect of steadily rising costs and inflation. Despite such arguments,
it may be difficult to convince the Congress in a period of highinflation to significantly increase current appropriations for such along-term energy resource.-

In the inertial confinement program, the primary goal of currentresearch efforts is weapons technology applications and the second-
ary goal is commercial power generation. Proponents justify thisapproach on the basis that at this point in the development of thetechnology, both the military and civilian applications require thedevelopment of fundamental fusion physics which will lead to dem-onstration of scientific feasibility. Critics of the program claim thatthe considerations for military and civilian applications are suffi-ciently distinct that the program should be divided, in order toprevent the pursuit of military goals from retarding progresstoward the development of a commercial power reactor. Thus far,all funding for inertial confinement fusion programs has been in-cluded in the defense activities portion of the DOE budget. Theissue of civilian and military applications research in the inertialconfinement program promises to be of increasing interest as re-search in this area progresses.

F. Institutional

The lack of large-scale utility involvement in fusion researchmay lead to commercialization problems unless utility interests areconsidered in current planning. Generally, the utilities are besetwith near-term problems of higher urgency than those associated
,-See Arthur L. Robinson, "Fusion Energy in Our Time", Science, Feb. 8, 1980, pp. 622-24.
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with a 21st century technology. Development lead times will, how-
ever, make it necessary to commit the program, in the next several
years, to decisions that will strongly influence the nature and
feasibility of future power plants. Although heavy industry involve-
ment in fusion at this point would be premature, an appropriate
means of increased utility participation will be needed if the indus-
try viewpoint is to be included in such decisions so that fusion
power would evolve in a form which is acceptable to its ultimate
customer-the utility.

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990

Fusion is not expected to make any contribution to U.S. energy
supplies by 1990.

B. Contribution by 2000 or Beyond

Under the Department of Energy program strategy, fusion power
will not make significant contributions to U.S. energy supplies
until at least 2040.



SYSTEM EFFICIENCY TECHNOLOGIES

COGENERATION *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology
Cogeneration is the process of applying the steam from a singleboiler to two separate uses such as power generation and processheating. The term, as commonly used today, has been broadened toinclude the application of waste heat from a power generating

facility. The waste heat may be used for any suitable purpose e.g.comfort heating or additional power generation (bottoming cycles).
B. Known Resources and Reserves

N.A.
C. Current Contribution to US. Energy Supplies

According to the Department of Energy I the use of cogeneration
in the United States accounted for about 5 percent of the powergenerated in 1974, down from 15 percent in 1950. Five percent ofthe power generated in 1974 was about 100 billion killowatt hours.The annual fuel savings realized from these cogeneration systemsis unknown, but could have been between 10 million and 20 millionbarrels of oil equivalent per year.

D. State-of-the-Art
The generation of sufficient steam from a single source to gener-ate electricity as well as supply thermal energy for another processis an old and proven practice. However, new approaches whichtake advantage of both the high and the low ends of the tempera-

ture range are in the research or introductory phases.
Magnetohydrodynamics (MHD), discussed in another section, isin the research phase as a topping cycle. At the lower end of theheat spectrum, waste heat utilization systems are being introduced

in which fluids having a low boiling temperature are vaporized andapplied to power turbines, then recondensed and recycled.

E. Current Research and Development, Demonstration Programs
and Commercial Development

The Department of Energy fiscal year 1981 budget request 2 in-
cludes the announcement that an inventory is being preparedwhich will list all potential industrial cogeneration sites in the

Prepared by George Chatham, specialist in aeronautics and space.
XCogeneration: Technical Concepts, Trends, Prospects. U.S. Department of Energy, DOE-FFU-1703, September, 1978. Washington, D.C.
I Department of Energy Congressional Budget Request, fiscal year 1981, vol. 7, January 1980."Energy Conservation." p. 579.
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United States. These sites will cover a wide range of systems,
temperature conditions and needs for cogenerated steam or elec-
tricity.

The same request listed the various demonstration programs and
design studies the department has underway to make available
systems appropriate to the variety of opportunities their inventory
will disclose. Both "topping" and "bottoming" cogeneration systems
are under development. In a topping cycle, the secondary or cogen-
eration system is placed between the heat source and the primary
system. In a bottoming cycle, the primary system receives the
energy first and the secondary or cogeneration system operates
from the remaining energy discharged by the primary system.

Topping cycles under development include:
(1) Magnetohydrodynamic electrical generation. This technique is

described in another section of this report.
(2) Thermionic conversion. Metals such as tungsten coated with

thorium become rich emitters of negatively charged ions when
heated to temperatures over 1500° F. Another cooler metal sur-
rounding such an emitter becomes a "collector" and a useful flow
of electricity is generated. Thermionic devices are being tested
which serve as burners and may replace the conventional burner
systems in fossil fuel boilers. These new converter units have the
potential of raising the efficiency of a power plant from the aver-
age 33 percent to about 45 percent.

(3) A diesel-electric generator rejects about 70 percent of the
energy it consumes as waste heat. As a topping cycle, the diesel
can supply its waste heat to a low pressure boiler. When used to
power a steam turbine-generator, overall plant efficiency can be
raised by 10 percent or 15 percent.

(4) A high temperature gas turbine is being constructed to serve
as a topping cycle. Since the combustion process occurs outside the
turbine, it is relatively insensitive to the type of fuel used in
comparison to the internal combustion diesel. The turbine, driven
by combustion gas, will generate electricity and then exhaust the
gas to serve as a heat source for a primary boiler. This method will
raise the overall plant efficiency by 10 percent to 15 percent.

Bottoming cycles make use of the energy remaining in steam
after it has done its primary job. Should this energy residual be
inadequate for the desired bottoming cycle, the initial temperature
or quantity of steam may be increased to insure that the energy
content is adequate. Development and demonstration projects for
two types of bottoming systems are underway:

(1) Rankin systems extract mechanical work from fluids which
boil into gas at low temperatures. Refrigerants such as ammonia or
freon absorb the energy from the residual steam and undergo rapid
boiling producing vapor under sufficient pressure to drive a low
pressure turbine generator. The gas is then condensed and pumped
back to the heat exchanger where it is recycled.

(2) Brayton systems operate in a similar fashion to the Rankine
but use only a gas as a working medium. The gas, such as helium
is expanded as it receives heat in the heat exchanger, thence drives
a low pressure turbine where it loses much of its heat and volume.
The cooler gas is then recycled through the heat exchanger to be
re-expanded.
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Since bottoming cycles extract work from energy that wouldotherwise be rejected, they can increase the overall efficiency ofthe plant by 10 percent or more.

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development
In addition to the systems described on the first section, designeffort has begun on a multi-fuel diesel and an advanced hightemperature gas turbine. The objective in both cases is to achieve

greater flexibility in choice of fuel.
The sale of process steam by an electrical utility is not widelypracticed but has a history going back to the early. part of thecentury. It is the only method of cogeneration which has gonebeyond the research and development stage.

1. CAPITAL

The total federal investment for cogeneration research and devel-opment in fiscal year 1981 is $25.87 million, a sum which includes
$2 million for thermionics. This is approximately a 34 percent
increase over fiscal year 1980. However, according to the Depart-
ment of Energy, the fiscal year 1981 budget could be sharply re-duced as part of the overall effort of the President to reduce thebudget.

2. TIME

Testing for the purpose of gathering operational data is under-
way for the Brayton and Rankine bottoming cycles, the diesel
waste heat low pressure boiler system and the thermionic topping
cycle. Technical and economical analyses of these systems will lead
either to their rejection or to the design and construction of fullscale demonstration units which could serve as prototypes for com-
mercial production. With continued effort the commercial proto-type phase for successful candidates will require from 2 to 5 years.

Other, more advanced cogeneration cycles such as MHD and thehigh temperature gas turbines, either of which might be combined
with thermionic conversion systems are in either the design phaseor laboratory testing. Working trial systems may appear within 12to 24 months.

3. MANPOWER

Manpower is not critical variable to cogeneration systems, eitherin the research, demonstration or practical application phases. Infull scale use, a power plant employing a cogeneration unit toincrease it efficiency is expected to need less fuel, perhaps 25percent less. Constant operation at this enhanced efficiency couldactually reduce the fuel transportation work load. In the case of
bulk fuels such as coal, power plant cogeneration could reduce themanpower requirements of the coal supplier.

B. Demonstration
Although trials of test articles are often called demonstrations,

the cogeneration systems now in various stages of development
have not yet reached the commercial prototype demonstrationphase.

71-990 0 - 81 - 17



252

1. CAPITAL

Federal expenditures for demonstrations of emerging cogenera-
tion technologies will depend more on budget priorities within DOE
than on the technologies themselves. For example, a continued rise
in fuel prices, resulting in increasing consumer utility rates may
bring about a higher priority to bring cogeneration on stream.
Conversely, a lowering of fuel costs could shift the DOE emphasis
away from cogeneration.

The cogeneration budget is at present one of the smaller DOE
expenditures. An overall cut in the total budget could also reduce
or eliminate smaller programs in the interest of protecting those
having a higher priority.

Moderate success in the programs now underway, funded at a
constant level, may be expected to achieve commercial prototype
demonstration within the time frame discussed, or in most in-
stance, within 5 years.

2. TIME

Demonstration of a commercial prototype requires a minimum of
a year. After a successful year, lifetime expectation is still a ques-
tion. if the demonstration involves only a few systems, prospective
users will likely want much longer test periods. If many units are
demonstrated a better statistical expectation of failure rate can be
made and a shorter test period becomes more acceptable.

3. MANPOWER

Manpower is not a variable of importance in the demonstration
of cogeneration technologies.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY

IMPLEMENTATION

A. Technical

The physical principles of obtaining more useful work from an
energy source through cogeneration techniques are well understood
and universally accepted. Without regard to economics, cogenera-
tion methodolgy offers a technical challenge only in the category of
material durability at elevated temperature. Bottoming cycles,
which operate on low temperature rejected heat tend to be bulky
for the work they produce. Their size may challenge the ingenuity
of the designer to hold down costs but they operate in a relatively
benign environment. Topping cycles on the other hand, call for
elevated combustion temperatures for efficient operation.

(1) Hot gas turbines are in the design phase which can operate
from internal combustion, using gas reformed from coal or external
combustion. External combustion turbines are desirable becasue
they are insensitive to the type of fuel being used.

The hot gas turbines are similar to conventional gas turbine
engines used to augment generating capacity during peak load
periods. However, a cogenerators, these turbines are expected to
operate continuously, at higher temperature and on gases which
may be less pure than that supplied to the conventional turbines
used for peak load conditions.
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(2) Magnetohydrodynamics (MHD). Conventional generators work
on the principle that a flow of electricity will emerge from a
conductor when it is moved through a magnetic field. In MHD a
super heated stream of combustion gas is directed through a mag-
netic field (see section on MHD). The hot gas, seeded with a vapor-
ized metal such as cesium, serves as the moving conductor. Elec-tricity is drawn from this conductor through plates on the wall of
the duct channel.

MHD is well suited as a topping cycle since the hot gas discharge
can be applied to operate a primary steam-generator system. How-ever, economy requires that the vaporized metal ions seeded into
the gas be condensed or otherwise removed for re-use. Also thechannel through which the hot gas is jetted must carry the gas for
an acceptable lifetime without severe degradation of the walls or
collector plates exposed to erosive effects of the gas. Both of these
problems are difficult design and material challenges which are notas yet resolved.

(3) Thermionic conversion, the principles of which were explained
earlier, requires only a high temperature to work. It has no moving
parts and no hot gases are jetted through it. The completely pas-
sive nature of thermionic converters greatly reduces the technical
challenge compared to other high temperature alternatives. These
devices are therefore the most likely candidates to be the first to
emerge from the research and testing phase. A test run of 5,000
hours has been contemplated by Rasor Associates under a DOE
contract. Examination of the thermionic converters showed no de-
generation of the hot side, although a copper weld had eroded on
the cooler end of the device. If DOE wishes to resume the testing, a
nickel alloy will be substituted for the copper weld. Should a satis-
factory lifetime be achieved, the thermionic converters would be
considered ready for a commercial demonstration phase.

B. Economic

The decision by a utility to sell process steam, on the decision of
a plant operator who makes his own steam to add a generator sothat he can also make his own electricity, are straghtforward engi-
neering matters which do not require research. The economics of
these types of cogeneration is determined on a case-by-case basis
for existing facilities.

High fuel costs and costly electricity have become motivating
factors to apply the principles of cogeneration in designing new
plants. Planning for the use of cogeneration is also a factor in
locating a new facility. In all cases, the energy savings are bal-
anced against costs for the individual situations. A general rule is
that in any situation suitable for cogeneration, it can save fuel or
reduce the cost of electricity or both. This saving is weighed
against equipment cost and where applicable, costs of operation as
well as the expected lifetime of the equipment to which the cogen-
eration devices are to be added. A "pay-back" time is then comput-
ed, which indicates the economic merit of the investment.

The cogeneration techniques now being developed, namely the
topping and bottoming cycles to increase or augment electrical
generation, will be also be subjected to "pay-back" analyses. In
electric utility applications as well as industrial, commercial ac-
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ceptability depends heavily on lifetime and reliability as well as
cost.

(1) Bottoming cycles are energized by rejected heat or at best, low
temperature steam. There is no particular engineering challenge in
these systems associated with a stressful operating environment.
However, these machines must produced useful work by converting
low grade, diffused, energy sources. The penalty associated with
the use of diffused energy sources is size. The economic challenge
of the bottoming cycles is their bulk. Their purchase price and
installation cost, weighed against the value of the fuel they save
will be the primary "pay-back" considerations in the commercial
application of the bottoming cycles.

(2) Topping cycles operate best at very high temperatures. They
see the first heat of the system and their exhaust contains the
energy to power the primary system. Long term reliability in such
an operating environment is an engineering challenge from the
design standpoint as well as construction materials.

The economics of topping cycles will rest heavily on lifetime and
reliability rather than on initial investment. Topping systems are
small and compact compared to bottoming units because the
energy they receive is highly concentrated. Initial costs may be less
for topping cycles although the costs for cycles of either type is
uncertain at the present phase of development.

(3) Market size influences equipment selling price because it de-
termines the degree to which a manufacturer can depart from
hand made units and move toward mass production. A survey of all
types of industrial cogeneration opportunities is being conducted by
the Department of Energy at the present time. This market is
expected to be larger than the electric utility market, perhaps by
several times.

The electric utility market, in terms of retrofit, could include
about 2,700 generating plants out the total of 3,060 now in oper-
ation. Even if we assume an industrial market ten times the size of
the utility market, the numbers of units are far too small for mass
production. It is therefore a safe assumption that equipment for
any type of cogeneration will involve low production manufactur-
ing methods and much custom designing. Although these low pro-
duction procedures result in more costly equipment, it is in keeping
with the way power plant boilers, generators and large industrial
machines are marketed.

C. Environmental

All cogeneration methods are intended to increase the useful
yield of energy consuming systems. The net effect is to reduce fuel
consumption for a given yield. If fuel consumption is reduced,
combustion effluents are also reduced. Since no new effluents or
by-products are generated by cogeneration equipment, the effects
on the environment are either benign or favorable.

D. Social

Possible reductions in fuel consumption are not so great that fuel
production or transportation on the employment of these industries
and services would be significantly altered. Social impacts from the
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use of cogeneration systems are therefore either non-existent or
intangible.

E. Political

Local and State regulations which grant monopoly to electrical
utilities or stipulate that their sole activity be restricted to the sale
of electricity hamper the use of cogeneration in some instances.
For example, a prospective industrial cogenerator may not be per-
mitted to generate his own electricity or sell his surplus to the
utility. Similarly, a utility might not be permitted to enter into the
business of selling process steam, or selling steam waste for the
purpose of distinct heating.

Generally, these institutional barriers to cogeneration are old
and may no longer serve the purpose originally intended. They can
be changed and, though political forecasting is notably perilous, it
would seem that in most cases they probably will not seriously
impede otherwise beneficial cogeneration efforts.

IV. POTENTIAL CONTRIBUTION To FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990
A nominal increase in a utility plant efficiency which could be

credited to a cogeneration installation is 12 percent. Since the
efficiency of the plant beforeicogeneration ranged between 33 per-
cent and 36 percent, the 1-2:percent increase means an increase in
power generation of one third. Or, with the power generation held
constant, the cogeneration- system could effect a 25 percent reduc-
tion in fuel usage.

Nationwide, the generation of electricity is expected to consume
between 17 and 18 quadrillion Btu (Q) in 1980.3 A 25 percent
reduction would mean the saving of about 4.5 Q or 800 million
barrels of oil equivalent per year.

By 1990, projections of fossel fuel used for electrical generation
are between 45 and 50 Q.4 Using the same calculation procedure,
cogeneration could save about 12 Q or about 2 billion barrels of oil
equivalent per year.

Although these calculations show the ultimate power plant po-
tential for fuel conservation, they do not reflect the fact that
cogeneration systems are not as yet ready for application. With
continued development success, the Rankine and Brayton bottom-
ing cycles as well as the thermionic topping cycle could be ready
for or well into their commercial demonstration phase by 1985.

Any projection of the market penetration and fuel conservation
by 1990 of cogeneration systems must be made without knowledge
of their overall economic merit. However, the General Accounting
Office has projected a range of 0.26 Q to 1.52 Q per year for the
mid 1980s.5

B. Contribution by 2000 or Beyond
Projected fossil fuel use to generate electricity is expected to be

about 46 Q in 1990 rising to about 73 Q by the year 2000.6

3Energy Facts II, Committee on Science and Technology, U.S. House of Representatives.Series H, August 1975, p. 61.
* Op. cit.
5 Industrial Cogeneration-What It Is, How It Works, Its Potential. Report to Congress, theCom ptroller General, General Accounting Office EMD-8-7, Apr. 29, 1980.Energy Facts, op. cit.
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Assuming no change in power generating technology 7 the ulti-
mate fuel saving through cogeneration in utility power plants is
about 11 Q in 1990, rising to about 18 Q by 2000.

The GAO study previously cited projects a cogeneration fuel
saving in the range between 2 Q and 6 Q.

I There is a prospect that some new power plants will use fuel cells (see section on fuel cells)

which are not compatible with topping and bottoming cycles but which have an efficiency of 45

percent to 50 percent. This is a slightly higher efficiency than expected of a conventiona plant

equipped with a cogeneration cycle.



ENERGY CONSERVATION/EFFICIENCY

Energy conservation is most frequently discussed in terms of
energy demand, largely because-at least in the near term-the
potential for demand conservation far exceeds that which appears
feasible on the supply side. However, there are definite possibilities
forrconservation on the supply side as well,.and some of these
would appear to merit discussion here because -they are potentially
significant.

Considered in terms of the supply of energy, as opposed to the
demand-side uses of energy, conservation becomes a matter of in-
creasing energy production and delivery efficiencies so that exist-
ing demands for energy can be met-with minimum energy resource
requirements. The production and delivery of energy, in turn, can
be considered from the point of view of four primary areas:

(a) The production of primary fuels used for the generation
of energy for consumption by various users;

(b) The transportation of this primary fuel to energy-generat-
ing facilities;

(c) The use of primary fuels in the generation of other forms
of energy; and

(d) The transmission of energy from the generating facilities
to the end-users.

As a practical matter, the bulk of the energy consumed in the
United States is employed in the form of electricity or heat, includ-
ing the. conversion of the former into the latter. Hence, this chap-
ter will discuss opportunities for energy conservation in the genera-
tion, transmission, and use of electricity.

I. ELECTRIC POWER GENERATION*

This section of the report will examine possibilities for increasing
the efficiency of electric power generation, and methods for maxi-
mizing utilization of existing generating capacity.

Most of the electrical power consumed in the United States is
produced at present by coal-, oil-, and gas-fired generators with a
smaller contribution from nuclear-fission, hydro, and geothermal
powered generators.' In 1979, coal-fired generators supplied about
48 percent, oil-fired generators supplied about 14 percent, and gas-
fired about 15 percent of the total electrical generation. Broken
down by energy source, generation of electricity was as follows:

'Prepared by Langdon T. Crane, specialist in science and technology.
' U.S. Department of Energy, Energy Information Administration. Annual Report to Congress,

1978, vol. 3, p. 265. DOE/EIA-0173/3.
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TABLE 8.-Generation of electricity by various energy sources

[Billions of kilowatt hours, 19771

Fossil fuels:
Coal ......................................................... 1,075O il ............................................................................................. 304
Natural gas ......................................................... 330

Subtotal................................................................................................................... 1,709
Nuclear....................................................................................................................... 255
Hydro and other....................................................................................................... 284

Total generation ............. 2,248

Considering the technologies, both existing and under develop-
ment, that might be used to produce electrical power in large
amounts during the next 20 to 40 years, only two would seem to be
assuredly available for large scale generators to replace or expand
existing capacity. These are coal-fired boiler generators and nucle-
ar fission reactor generators. Increasing costs will require that oil-
fired generators only be employed on a limited basis. Many exist-
ing oil-fired units are now used primarily for cycling. This type of
use of existing oil-fired plants will probably continue unless oil
prices become very high, because these plants represent "sunk
costs" and because oil-fired plants are easy to turn on and off.
However, new oil-fired plants will probably not be built under
existing policies and prices. Gas-fired generators (many of which
are actually fueled by No. 2 oil) will continue to be used in the
form of "fast start-up' turbines to meet peak power demand loads,
but uses of actual gas-fueled base-load generators may well be fuel-
supply limited. Hydro capacity cannot be expanded significantly
without impairment to the environment and without imposing
limitations on competing uses of our rivers and streams. Other
sources of energy are either not ready for use or they present
technical and/or economic problems that may limit their major
usefulness to a few regions of the country. Thus, the discussion in
this section will be limited to questions relating to the efficiency of
electrical power generation by coal combustion and nuclear fission.

Coal-fired boiler generators now in use in the United States have
thermal efficiencies as high as 40 percent. The key to these rela-
tively high efficiencies is the high pressures and temperatures of
the steam that can be generated by such boilers, plus the various
methods available for reheating and recycling the steam through
several stages of expansion to drive the turbine generator. This
efficiency figure is quite high, approaching the best that one can
hope to achieve under the limitations of existing materials from
which boilers are made. Future processes, such as pressurized fluid-
ized bed boilers, may be able to offer further improvements in
efficiency-possibly as much as 5 percent 2-because of better heat
transfer within the boiler and because the flue gas itself may be
employed to assist the steam in driving the generator turbine.
However, this process is not in commercial use.

As far as coal-fired generators are concerned, primary reliance
through the beginning of the next century, and perhaps for a
decade beyond, will probably be upon boilers that are similar to the

2 U.S. Office of Technology Assessment. The Direct Use of Coal. U.S. Government Printing
Office, Washington, D.C., 1979, p. 103.
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ones in use today. In current boilers, pulverized coal that has been
ground to a very fine mesh is blown into the boiler chamber, where
it burns rapidly as though it were a gas. Water flows in the walls
of the combustion chamber and is heated primarily by thermal
radiation from the exceedingly hot (about 3000 degrees F) flame.
The steam is separated from the boiling water, and then is passed
through tubing in the exhaust stack to be "superheated" to about
1000 degrees F. by the hot combustion gases as they escape from
the combustion chamber. The steam is then expanded to turn the
high pressure turbine section of the generator. Following this ex-
pansion the steam is returned to the boiler for reheating at a lower
pressure. Once again it is expanded to turn a lower pressure tur-
bine section of the generator, and then possibly is returned to the
boiler for another cycle of reheating and expansion. When several
cycles have been completed and no further energy can practically
be extracted from the steam, it is condensed by very rapid cooling
in a heat exchanger.

The steam cycle of the light water nuclear power generators now
in use in the United States is simpler than that of coal-fired plants.
In coal-fired plants, the high pressure superheated steam is sepa-
rated from the main water boiler and subsequently is confined to
small diameter tubing which can be made strong enough to with-
stand working pressures of as much as 3500 pounds per square
inch (psi). Light water nuclear reactors, however, are constructed
so that the reactor pressure vessel, which is very large in all of its
dimensions, must withstand the full force of the pressure of the
steam or superheated water being generated by the reactor. These
pressure vessels are made of strong and thick material (steel), but
operating pressures (and therefore temperatures) of the core pres-
sure vessels are limited by the strength of the materials from
which they can be made. Though other types of reactors offer the
prospect of greater thermal efficiencies, the strength of the pres-
sure vessels limits the efficiency of light water reactors to about 33
percent. Other reactors now under development, such as the high
temperature gas cooled reactor, allow the use of much higher tem-
peratures, and might be capable of efficiencies of about 40 percent.
This is a very large difference in terms of the heat that must be
discarded to the environment and the expense of the fuel con-
sumed.

In practical terms, of course, the primary short term objective of
energy conservation is the reduction in demand for petroleum
energy supplies, particularly foreign petroleum supplies. Only 17
percent of U.S. generating capacity in 1977 was oil fired, and a
good deal of that is being retrofitted to burn coal. Thus, it might
seem that, insofar as the generation of electricity is concerned, the
most important aspect of conservation issue may be disappearing.
However, such a viewpoint only addresses one aspect of the energy
supply conservation problem. The real objective of supply conserva-
tion is to minimize the cost of energy in our energy-intensive
society. It is increasingly important that the cost of energy, in all
of its forms, be kept as low as possible to minimize inflation and
maximize productivity, thereby assuring that American products
can be competitive in foreign markets and that American wages
and employment can remain high, so that the American standard
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of living can be maintained. As petroleum resources become more
expensive, electrical power can be an important substitute for cer-
tain uses of petroleum-based fuels provided that electricity does not
become too expensive (and that oil is not used for power genera-
tion). In this situation, conservation in terms of maximized thermal
efficiencies is secondary: the goal must be to maximize the econom-
ic efficiency (i.e., reduce the cost) of all aspects of the generation
and distribution of electrical energy. The remainder of this discus-
sion will address the question of energy conservation in the electric
utilities from that standpoint.

Turning first to the generation of electrical power, there would
seem to be (for the reasons mentioned above) only two assured
alternatives for the generation of electricity on a large scale: coal
combustion and nuclear fission. In certain areas of the country, it
is alleged that nuclear fission plants may generate power at lower
cost than coal plants even though they are more expensive to build.
One determining factor is the cost of mining and transporting the
coal, which modern plants use in very large quantities in spite of
their high thermal efficiencies: a 1000 megawatt plant with a load
factor of 0.75 will consume about 2.5 million tons of coal in a year
if operated continuously. That volume of coal requires the arrival
each weekday of the year of enough coal to fill a train consisting of
100 coal cars having a capacity of 100 tons each. Clearly, fuel and
fuel handling are major expenses when power is generated by coal
combustion. A nuclear plant of the same size and load factor would
annually require only about 140 tons of new fuel, a material whose
energy content per unit of cost is significantly greater than that of
coal.

Why, then, not convert electric power generation to nuclear? The
answer lies mainly with the issue of public safety, and environmen-
tal impacts, plus a number of other ancillary issues currently being
debated. Nuclear power has raised a number of questions, such as
the risks of increased cancer from normal operation of the plants,
the possibility of accidents that might kill large numbers of people,
thermal and other pollution to bodies of water used for cooling, and
the possibility of nuclear weapon proliferation. The alternative
risks of coal combustion are not so well known, but several recent
studies have concluded that they are probably greater than those
of nuclear power.3 For example, some current estimates indicate
that the fueling and normal operation of a nuclear power plant of
1000 Mw capacity might result in the death of between 0.6 and 1.7
people on the average each year. Estimates of the deaths that
might be expected to occur, on an average annual basis from
nuclear accidents range from 0.02 to 2.4 per plant, making a total
average annual death rate per plant of 0.6 to 4.1 per nuclear plant
in operation. Such estimates indicate that a new coal plant of that
size might cause 4.2 to 120 deaths among the general public each
year from coal transportation and combustion emissions, plus an
additional 0.3 to 5 occupational deaths among those who mine,
process, and transport the coal. These estimates, however, are not

I (1) National Academy of Sciences. Committee on Nuclear and Alternative Energy Systems.
Energy in Translation: 1985-2010. Washington, D.C., 1980. (2) Keeny, Spurgeon M. et. al.
Nuclear Power Issues and Choices. Ballinger Publishing Co., Cambridge, Mass., 1977. (3) Schurr,
Sam H. et. al. Energy in America's Future: The Choices Before Us. Resources for the Future.
Johns Hopkins University Press, Baltimore, Md., 1979.
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subject to solid verification and are not necessarily accepted by all
experts. The lack of general awareness about the relative magni-
tudes of estimates of risk of coal and nuclear power may have
contributed to a trend away from the former rate of growth of
nuclear fission power generators. The Three Mile Island accident
could possibly enhance that trend. However, should the suspected
risks of coal combustion become substantiated, there may be a
reverse trend toward nuclear power once again. Among other fac-
tors which affect the use of nuclear power are (1) the many unre-
solved regulatory and safety issues, (2) the question of the relative
costs of construction of coal and nuclear plants and the relative
costs of the respective fuels, and (3) possible construction and li-
censing delays caused by intervenors.

A possible shift toward electrical generation by nuclear fission
may be affected by factors other than costs, health, and environ-
mental considerations. A recent report of the General Accounting
Office points out that if the growth of nuclear power is halted, then
either the growth of demand for electric power may have to be
severely limited or there may have to be a very vigorous effort to
expand coal production to supply demands by the end of the 1980s
decade. The crucial factor is the growth rate of demand for electri-
cal power.4 If demand fails to increase at the predicted rate, these
problems might not materialize or might not be as serious as GAO
predicted. The problem, of course, is complicated by the increasing
price and possible scarcity or irregularity in oil and natural gas
supplies.

II. ELECTRIC POWER TRANSMISSION AND DISTRIBUTION *

It is generally believed that the electrical losses of all kinds in
the U.S. electrical transmission and distribution system are about
10 percent of all electricity entering the system from domestic
electrical generating centers, and imported from outside U.S. bor-
ders.5 According to the Energy Information Administration (Op.
Cit., p. 9.) about 30 percent of U.S. energy consumption goes into
the generation of electricity. This section addresses the question of
how much of this loss of primary energy could be saved by increas-
ing the efficiency with which electricity is transported and distrib-
uted.

Estimates 6 obtained from the Department of Energy's Electric
Energy Systems Division, under the Assistant Secretary for Re-
source Applications, indicate that there are several principal areas
where new technology development or systems analysis could
result in significant electrical transmission and distribution loss
savings, as discussed below.

A. Low-Loss Transformer Materials

The Electrical Energy Systems Division estimates that very sig-
nificant electricity savings could result from research and develop-

Prepared by David Hack, Analyst in Energy Technology.
See: U.S. Congress. House. Committee on Interstate and Foreign Commerce. Will the LightsGo On Again in 1990? Washington, U.S. Government Printing Office, August 1980, 15 p.'For example, see U.S. Energy Information Administration. Annual Report to Congress. Vol.2, 1979, p. 115.

'Telephone conversation, December 1979.
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ment of lower-loss magnetic materials (amorphous metals) for use
in transformers. It is thought that as much as one-half of the 10
percent loss in the transmission and distribution of electrical
energy may be losses in transformers alone. (Amorphous metals
may have energy conservation applications in electric motors and
generators also, but these are outside the transmission and distri-
bution system.) Little benefit from such research is likely to occur
before 1990, but it is estimated that an expenditure by the Govern-
ment of as little as $2 million over the next few years could
ultimately result in a saving of about 40 percent of the energy now
lost in these transformers, or about 2 percent of annual electrical
generation (fuel savings of about 0.5 quads per year).

B. Cryogenics and Superconductivity

Cryogenics and superconductivity are technologies which reduce
the electrical resistance losses in transmission by using conductors
maintained by refrigeration at temperatures near absolute zero
(-273 degrees C). Some projections anticipate such low-loss trans-
mission lines to be commercially applicable sometime in the 1990s.
Research on such transmission lines has reached the point where a
100 meter section of cryogenic transmission line is scheduled to go
into operational testing at Brookhaven National Laboratory some-
time in 1980. No estimate of ultimate energy saving is available.

C. Assessment of Electrical Losses

The Electric Energy Systems Division believes that about
$1,000,000 could be spent cost-effectively on research on models for
assessing electrical losses. It seems that to a substantial extent it
simply is not known exactly where electrical losses are occurring in
most transmission and distribution systems. Estimates of where
these losses occur are made now by rule of thumb. The develop-
ment of an analytic system for assessing the locations and magni-
tudes of these losses, in a generic sense, could help individual
utility companies and regional electric systems to identify areas for
improved efficiency. However, no estimate of the ultimate energy
saving is available.

D. Three-Dimensional Field Analysis

It is believed that there could be a substantial pay-off from
research and development of three-dimensional electrical field
analysis, to take advantage of the large computers now available.
Present analyses rely on the approximations available in models
and computer programs which simulate only two dimensions, and
this limits the ability to design transformers and generators for
maximum efficiency. The Electric Energy Systems Division esti-
mates that about $2 million could profitably be spent over a 3 to 4
year period on development of three-dimensional field analysis
computation techniques. In addition, it might take as much as
$5,000,000 in Government commercialization funds to get the
medium-power transformer industry into the effort to apply this
new design technique and tool up for manufacture of such equip-
ment. No estimate of ultimate energy savings is available.
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E. Interpolated Graphite Conductors
Going beyond the four areas above where efficiency improve-

ments are more substantial. and certain, the Electrical Energy
Systems Division also suggests that $3-3.5 million could be spent
cost-effectively over about 4-5 years on exploratory work on "inter-
polated graphite conductors," a type of conductor which is made by
combining the electrical conduction properties of graphite and
copper in one material.

F High-Voltage Alternating Current Transmission
On high-voltage alternating current lines, the focus is currently

on voltages in the 1200 Kv range. Electric Energy Systems Division
is doing no work on what it regards as the state-of-the-art 750 volttransmission systems. Instead, it is doing longer range research in
material and design properties required for circuit breakers, light-
ening arrestors, insulators, and substation design for 1200 Kv
range transmission systems. Substation design includes consider-
ations of both size and land use. Another problem may be the
environmental acceptability of the electrical fields surrounding
substations and transmission lines. Again, we have no estimate of
the ultimate energy savings available.

G. Direct-Current Electricity Transmission
Research is also going on with so-called ± 600 Kv direct-current

transmission, in which two direct-current conductors are used with
a 1200 Kv potential difference between the lines, each conductor,
however, differing from ground potential by only 600 Kv. It is
believed that such lines lose about 3 percent of their energy in the
conversion equipment at both ends of the line, and current re-
search is directed to increasing the efficiencies of the thyristors or
crystal converters which convert from AC to DC and back again.
There appears to be a possibility that these converter installations
may also present considerations of physical size and land use. An
expected 15 percent increase in the efficiency of these thyristors
would result in a saving of 0.45 percent of the energy transmitted.
No estimate of the total ultimate energy savings available from
high voltage DC transmissions, with or without thyristors of in-
creased efficiency, is presently available.

III. INTERTIES AND GRIDS FOR ELECTRIC POWER '

Historically, electric utilities have tended to operate on a princi-
ple of self-sufficiency: each utility provided all of the power to be
used in its own region. The recent trend, however, has been toward
interconnections of individual utilities to improve reliablity of serv-
ice by having emergency sources of energy available from other
utilities, and to achieve economies of operation and investment by
integrating several utility systems and operating them as a unit.

Thus far, the majority of interconnections in the United States
have been for the purpose of improving reliability. Nine regional
councils have been established, constituting the National Electric

* Prepared by Langdon T. Crane, specialist in science and technology.
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Reliability Council, to assist in coordinating system planning toimprove reliability.7 Three major transmission networks have been
established to improve reliability, but they do not employ central
dispatching of energy generated by utility pools and the individual
utilities which they interconnect. The utility pools in the three
large neworks, however, do tend to coordinate the planning of new
capacity, maintain load frequency control, and coordinate mainte-
nance scheduling. These pools permit, in principle, economies ofscale and operation, for they permit very large and efficient gener-
ators to be built and generating reserves to be pooled.

In contrast to the networks, there are other interconnected utili-
ties which do employ central dispatching. These are mostly located
in the East. Some of these interconnected utilities using central
dispatching are held by a single holding company, while others are
voluntary associations of independent utilities. Central dispatching
offers a clearer opportunity for economic optimization through
economies of scale in generating and transmission equipment, re-
duced excess capacity requirements to allow for maintenance and
possible emergencies, reduced operating costs because fewer gener-
ators need to be turning in "standby" condition to meet a possible
generator failure in the system, and greater overall reliability of
the system thus coordinated. About 38 percent of U.S. generating
capacity is interconnected with central dispatching.

It seems possible that considerable fuel and other economic sav-
ings might be achieved if all the utilities in the United States were
to be operated as one large national grid. However, a recent study8
indicated that such operation would result in a savings of only
about 3 percent in the average residential power bill at maximum,
though it must be noted that there are very limited data available
regarding the savings that have resulted from interconnections and
central dispatching. Thus, there seems to be no definitive answer to
the question of how great the savings might be: some would insist
that such operation might offer significant advantages in terms of
economic savings and system reliability, while others feel that most
of the advantages have already been captured under existing inter-
tie arrangements. The significant added advantage of large scale
interties, of course, is the ability to "wheel" power from one utility
or region to another, so that when the load is highest in one region,
or time zone, power can be brought in from another region or time
zone. Whether such advantages have, in fact, been captured or not
is a question that needs to be answered through careful analysis.

Though interconnections between utilities and pools of utilities
are commonplace, it cannot be assumed that a national grid can
operate successfully using the methods of operation and hardware
that are available today. As two well-publicized blackouts in New
York have shown, an interconnected system offers new possibilities
for failure that tend to grow with the magnitude of the intercon-
nection complexity. In one case, a failure in the transmission line
in Canada resulted ultimately in a failure of the entire New York
City power system. Transmission lines and distribution systems

7
See: Probozich, Russel J., and Alvin Kaufman. Electric Utility Interconnection and Wheeling

of Power. Report. Congressional Research Service. Feb. 14, 1978.
"U.S. Congress. Senate. Committee on Interior and Insular Affairs. National Power Grid

System Study-Overview of Economic, Regulatory, and Engineering Aspects. Washington, D.C.,
U.S. Government Printing Office, 1976.
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are clearly vulnerable elements, more vulnerable than generators
by quite a margin. The rapid analysis of transmission line failure
would seem to require a greater degree of computer assistance and
control to avoid blackouts resulting from remote failures in such a
large system, for human reactions may well not be fast enough.
Switching systems must be improved, for they occasionally fail
when needed most. The frequency and phase of generators would
have to be regulated more carefully, and loads carefully controlled
so as not to produce unnecessary instabilities in the system. These
and other elements in the electric power utility systems would
seem to require extensive development and improvement, and
might require considerable revision in the methods of human con-
trol that are exercised in power utilities and systems, before a
large national intertie or grid can be fashioned to operate with the
advantages in reliability that might be claimed. However, since
this development and improvement would be funded primarily by
private industry, it would not seem to require large scale invest-
ments by the Federal Government in the 1980 to 2000 time period,
nor do such investments seem to be in planning at present.

IV. ENERGY CONSERVATION IN THE TRANSPORTATION OF COAL *

A. Introduction

This section examines the energy cost of transporting coal by
highway, water, rail, unit trains, and slurry pipelines. The total
dollar costs of unit trains and of pipelines are then compared in
order to suggest the likelihood that selection of one of these modes
might result in energy consumption savings relative to selection of
the other mode.

B. Coal Transportation Technologies
Transportation by highway involves, use of trucks of various sizes

and descriptions, usually on highways constructed and maintained
at public expense-but sometimes on private roads which may
accommodate trucks too large for public highways.

Transportation by water primarily involves barges lashed togeth-
er by steel and cable and powered by tugboats. These "tows" ply a
system of rivers, channels and locks maintained by the Army Corps
of Engineers. On the Great Lakes, however, coal is also transported
in self-powered cargo ships.

Transportation by rail means the conventional hauling of coal by
private railroad companies as common carriers-who receive and
deliver coal in lots as small as one carload-assembling and disas-
sembling shipments into and from larger trains as required. Unit
trains (for coal hauling purposes) are those which carry coal as a
sole cargo in trains up to about 100 cars, from a single loading
point to a single unloading point; this may be arranged by long
term contact, sometimes with cars and locomotives owned by the
coal customer rather than the railroad company(ies) over whose
right of way the unit trains move. Some unit trains also move on
railroads built and owned by mining or electric utility company
interests.

* Prepared by David Hack, analyst in energy technology.
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Slurry pipelines are a means to transport coal long distances (up
to 1,000 miles or more) by mixing crushed coal with water and
pumping the mixture through a pipe buried underground. Of all
the coal used in the United States, a very small quantity is cur-
rently transported by pipeline. There is at present only one slurry
pipeline in operation; it transports about 5 million tons of coal per
year (less than 1 percent of U.S. coal production) 273 miles from
northeastern Arizona to southern Nevada.

C. Energy Use of Different Coal Transportation Technologies

Table 9 shows that highway transportation of coal requires by
far the greatest expenditure of energy: more than 12 percent of the
energy in the coal, per 1,000 mile haul. The most energy efficient
means of coal transportation, according to Table 9, is the unit
train, which can transport coal 1,000 miles using energy equivalent
to only 2.0 percent of the energy in the coal; all other means of
coal transport require more than half-again as much energy (3.2 to
3.5 percent per 1,000 miles-for pipeline, barge, or conventional
rail).

D. Dollar Cost of Transporting Coal by Slurry Pipeline or Unit
Trains

The total dollar cost of transporting coal by pipeline and by unit
train is compared in Figure 2.
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FIGURE 2. Pipelines Can Take Advantage of Scale (transportation costs in cents
per ton-mile).
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Excerpted from "Economics A Plus for Coal Slurry Pipelines," Chemicaland Engineering News, vol. 55, June 27, 1977: 20-21.

TABLE 9. ENERGY CONSUMPTION IN TRANSPORTING COAL BY
VARIOUS MODES (Btu's per ton-mile)

Mode Estimate or Average Range Percent Loss per 1,000 miles

Highway 1/ 2,500 + 2,518-2,800 more than 12Rail 1/ 663 (est.) 3/ 536-791 3.5 (est.)Barge 1/ 610 (est.) 3/ 540-680 3.2 (est.)Pipeline 2/ 610 (avg.) 410-1,150 3.2Unit train 2/ 390 (avg.) 340-580 2.0

'/ Study prepared by Missouri Railroad Traffic Research Division, citedin Railway Age, "The Energy Sweepstakes: Railroads are Easy Winners," re-citedin: U.S. Congress. Senate Committee on Energy and Natural Resources; HouseCommittee on Commerce, Science, and Transportation. National Energy Transporta-tion, Volume I--Current Systems and Movements [report prepared by the Congres-sional Research Service]. 95th Congress, 1st session. Washington, U.S. Govt.Print. Off. May 1977. p. 8.,.

2/ U.S. Congress. Office of Technology Assessment. A Technology Assess-ment of Coal Slurry Pipelines. Washington, U.S. Govt. Print. Off. March 1978.pp. 120-121.

3/ The estimates (est.) presented here were made by taking the mid-pointof the corresponding "Range."

71-990 0 - 81 - 18
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According to Figure 2, there is no financial advantage for newly
constructed slurry pipelines unless the pipeline carries an annual
throughput of at least 5 million tons. For larger throughputs, the
financial advantage of pipelines increases to as much as 0.5 cents/
ton-mile at throughputs approaching 30 million tons per year.

E. Energy and Dollar Tradeoffs of Transporting Coal by Slurry
Pipeline or Unit Train

The data of Table 9 and Figure 2 together allow us to calculate
two quantities of interest. One is the dollar saving from carrying
(for example) 30 million tons of coal per year a distance of 1,000
miles by pipeline instead of by unit train. The financial saving is
$150 million in 1975 dollars.

The second quantity of interest is the energy cost of thus carry-
ing the coal. Referring to Table 9, this cost is the difference be-
tween 3.2 and 2.0 percent (that is just 1.2 percent) of the energy
contained in the coal transported, or 0.008 quad per year.

From these figures one may calculate that the saving of energy
achieved by the unit train comes at a cost of about $420 per ton of
coal, and that the price of oil for diesel fuel would have to be over
$100 per barrel to make this energy saving pay.

From the above it appears that pipelines use more energy, but
save money, while unit trains cost more money but save energy.
However, with present railway locomotives there would be a net
increase in petroleum fuel consumption by unit trains compared to
pipelines since rail power today is almost entirely by diesel electric
locomotive, while much of the electricity which pipeline pumps
would use would come from coal. The amount of diesel fuel re-
quired to carry 30 million tons of coal 1,000 miles appears to be
about 0.013 quads, or 2.3 million barrels.

It appears that a way to get both the energy efficiency advan-
tages of unit trains, and the petroleum saving advantages of slurry
pipelines, would be to power unit trains with some derivative of
coal. Several possibilities that do not appear to have been consid-
*ered in studies of coal transportation include: (1) use internal com-
bustion electric locomotives similar to those used now, but which
would run on a liquid derivative of coal instead of on diesel fuel, (2)
develop a new generation of steam powered locomotives running on
solvent refined solid fuel from coal, or (3) use electric locomotives
and overhead electric lines fed by stationary coal-fired electric
power plants. However, some of these "derivative" technologies
might reduce the efficiency difference by interposing another
energy transformation between the fuel resource and the transpor-
tation machinery.

But are such measures warranted by the size of even the maxi-
mum energy saving available? A saving of 1.2 percent of the
energy in a 1,000 mile haul means that if all the coal produced in
the United States (1979) were hauled 1,000 miles by unit train
instead of by slurry pipeline, the energy saved would be only 0.27
percent of all U.S. energy consumption.
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F Environmental and Political Obstacles to Slurry Pipelines and
Unit Trains

A study by the Office of Technology Assessment 9 concluded that
water requirements and possibly some transient effects of construc-
tion constitute the principal source of adverse environmental and
social impacts associated with coal slurry pipelines. For railroads
the major negative impact is social-the disruptive effect of in-
creased unit train traffic upon the lives of individuals living or
working near the tracks. Some of the adverse impacts that result
from increased unit train activity can be mitigated. Other environ-
mental and social impacts associated with either coal slurry pipe-
lines or unit trains are not particularly serious or are roughly
equivalent for the two modes.

The political issue of eminent domain for acquisition of right of
way by coal slurry pipelines arises in large part because railroads
and other landowners, under whose land pipelines would have to
cross, have declined to grant the necessary rights of way. At pres-
ent no Federal legislation grants eminent domain authority for
coal slurry pipelines. Comparison of coal slurry pipelines with oil
pipelines suggests that State eminent domain authority may not be
as effective in meeting the needs of coal pipelines as it has been for
oil pipelines-the OTA concluded.' 0

G. Conclusion

Slurry pipelines, while quieter and less obtrusive through most
of their right of way than unit trains, and while less costly to build
and operate over their useful lifetimes, do not save energy relative
to unit trains-though they may save money and oil. Unit trains,
while perhaps one-third more energy efficient than slurry pipe-
lines, do not save oil with present technology. They do save a little
fuel, primarily coal, at a cost far in excess of the current market
price of coal. Based on the limited data examined here, neither
slurry pipelines nor unit trains appears to have any significant
potential for reducing U.S. oil dependence by 1990. Beyond 1990,
when slurry pipelines now planned or being considered may have
begun operation, there is a small potential for displacement of
diesel fuel which otherwise might be consumed in increased oper-
ation of unit trains. One slurry pipeline carrying 30 million tons of
coal annually a distance of 1,000 miles might displace about 2.3
million barrels of oil (0.013 quads) annually.

9 U.S. Congress. Office of Technology Assessment. A Technology Assessment for Coal Slurry
Pipelines. Washington, U.S. Government Printing Office, March 1978, 155 p.

10 Office of Technology Assessment. Op. cit, pp. 20-23.



OTHER TECHNOLOGIES

FUEL CELLS*

I. SURVEY OF THE CURRENT SITUATION

The lure of the fuel cell is its ability to convert fuel into a
continuous flow of electricity at high efficiencies. The maximum
theoretical efficiency of a fuel cell is 83 percent and fuel cells with
operating efficiencies of over 50 percent have been fabricated., The
average efficiency of a conventional power plant, by contrast, is 35
percent.

A. Description of the Technology
Although there are several chemical reactions which can be

used, the fuel cells in use today depend upon the oxidation of
hydrogen to produce electricity. The hydrogen is usually stripped
(reformed) from a hydrocarbon fuel or from water. Oxygen is sup-
plied by the introduction of air into the system. If pure oxygen and
hydrogen were required, even a low cost fuel cell would not be able
to compete economically with conventional systems. Early attempts
to use common fuels, e.g., gasoline or methane, quickly encoun-
tered problems of low current yield and rapid contamination of the
closed and pressurized fuel cell interior. Through many arduous
steps it came to be realized that the electricity obtained when
using conventional fuels was not being provided by the oxidation of
the fuel itself but by the hydrogen being stripped from the fuel and
from water, if water was present. The carbon in the fuel was
joining oxygen to form carbon monoxide or carbon dioxide. The
fuel was being "reformed" to produce hydrogen and the low output
was due to lack of provisions for efficient reforming.

This finding led to fuel cells designed for internal fuel reforming
at the anode (positive electrode) when the fuel was exposed to
steam. The oxygen in the water molecule would capture the carbon
in the fuel and release hydrogen for oxidation in the fuel cell.
Although this worked, the electrolyte was still contaminated. Ex-
ternal fuel processing, a separate reforming process, proved superi-
or. More energy is required but the fuel cell is protected, not only
from hydrocarbons, but also from sulphur present in some fuels.
Coal can also be used in this fashion. When reacted with steam,
carbon oxides are formed and hydrogen is stripped from the water
to power the fuel cell.

Operating temperature provides a convenient means of distin-
guishing categories of fuel cells. They may be: (a) Low temperature,
below 200 degrees C; (b) medium temperature, up to 500 degrees C;

* Prepared by George N. Chatham, specialist in aeronautics and space.
:McCormick, J. Byron. Fuel Cells for Transportation. Industrial Research and Development,

April 1980, p. 88.
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or (c) high temperature, up to 1,000 degrees C. There are also other
ways to classify cells. For example, their electrolytes may be alka-
line, acid, liquid, solid, or molten. The way they accept and oxidize
fuels also distinguishes them. They may use direct oxidation (hy-
drogen and oxygen only), internal fuel reforming, or external fuel
reforming.

B. Known Resources Reserves

Any hydrocarbon or carbon fuel can be reformed to supply hy-
drogen which can be oxidized in a fuel cell with atmospheric
oxygen. Known resources and reserves are therefore not a critical
issue to the use of the fuel cell and are addressed in the chapters of
this report which cover fossil fuels.

C. Current Contribution to US. Energy Supplies

There is no contribution to energy supplies from fuel cells at the
present time.

D. State-of-the-Art

Several types of fuel cells using costly catalytic systems have
been demonstrated successfully in military and space applications.
For general application, where both cost and availability of catalyst
materials are issues, however, only the phosphoric acid electrolyte
cell has been proven by more than 15 years of fabrication and field
test experience.

An advanced type of cell, using a molten carbonate electrolyte, is
in the development process. This high temperature system is de-
signed to apply rejected heat from the fuel cell chemical oxidation
to a coal gasifier, thus reforming coal to supply hydrogen. The coal
gasifier technology is well understood, but the molten carbonate
electrolyte system requires additional research.

E. Current Research and Development

1. THE PHOSPHORIC ACID CELL

The 4.8 Mw Consolidated Edison utility installation.-The first
program to demonstrate the phosphoric acid fuel cell is scheduled
to begin operation during 1982. This project will determine the
acceptability of the phosphoric acid fuel cell as an on site source of
power, as well as highlight the technical weaknesses of the system
for the purpose of product improvement.

The 40 Kw on site/integrated energy system.-The second pro-
gram to demonstrate the phosphoric acid fuel cell will undertake
the placement of several kilowatt-sized units (averaging about 40
Kw each) in large apartment or office complexes. They will test a
number of total energy use ideas in which fuel cell rejected heat is
applied to meet the thermal requirements of the building. The
DOE identifies this program as an "on site/integrated energy
system (OS/IES). This program will be a product improvement
research phase, aimed at cost reduction, and will be funded by the
builder, United Technologies, DOE and the Electric Power Re-
search Institute (EPRI). No problems are anticipated for the com-
pletion of this phase. However, commercialization, discussed below,
may require a subsidy during the period prior to volume produc-
tion.
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2. THE MOLTEN CARBONATE CELL

The concept of using any grade of coal in an efficient, cleanpower generating plant becomes increasingly attractive as the ex-
pense and scarcity of petrochemicals further penalizes conventional
power generation. The molten carbonate cell, thermally integratedwith a coal gasifier system, is an advanced concept at this time.Although the coal gasifier system and the thermal integration ofthe fuel cell and gasifier is well understood, the molten carbonate
cell is still in the research phase. Funds from EPRI and United
Technologies have paid for the initial research. Continued expensesare being shared with DOE. In 1979, DOE selected two firms towork independently on the technology of the molten carbonate fuelcell power plant. Contracts valued at about $15 million each were
awarded to United Technologies and General Electric. They are tobe completed in 33 months.

Anticipated Federal funding for fuel cells for fiscal year 81amounts to about $2 million.

II. PROSPECTS OR REQUIREMENTS FOR FUTURE DEVELOPMENT

Further development of the fuel cell as a power generator re-quires field experience, such as will be acquired from the Consoli-
dated Edison plant, product improvement stemming from this ex-perience, and the solution to economic barriers discussed in thethird section of this chapter. Other matters relevant to research
and development are covered by sections one and three of thischapter.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

A. Technical
The phosphoric acid electrolyte fuel cells now being demonstrat-

ed are first generation production cells which have emerged fromextensive field testing programs. Although product improvement,
especially cost reduction, is a normal expectation, no technical
obstacles are anticipated in function or lifetime. The fuel cell art,however, is largely unexplored. New types of fuel cells may beexpected to emerge in the future as applications experience iscombined with research results.

B. Economic
Commercialization of the fuel cell faces only one obstacle ofsignificance, and that is a cost problem related to production quan-

tity. The 4.8 Mw demonstrator plant to be operated by Consoli-dated Edison was engineered to be sold to a utility for $350/kw inproduction. The quantity required to reduce the price to the $350/
kw goal is estimated by the United Technologies and EPRI to bebetween 500 and 1500 Mw capacity in fuel cells, according to theirrepresentatives. Averaging those limits, this is about 200 times theoutput of the 4.8 demonstrator. According to EPRI (telephone con-versation), the first plant, the demonstrator, will cost about $1,500kw with the price declining about 15 percent with each doubling ofcapacity produced.
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Considering the total life output of the cell, its value to a utility
(what they will pay) lies between $330 and $600/kw, the difference
being a function of how severely siting options are restricted. In
round numbers, and considering the steady decline in cost as pro-
duction continues, a premium of about $500 million is the size of
the economic barrier to reach the competitive production cost of
$350/kw on the type of fuel cell developed for the Consolidated
Edison plant (telephone conversation).

The $500 million premium, considered in the context of other
Federal energy development expenditures, seems relatively modest.
The fiscal year 1981 request for solar energy, for example, is over
$700 million.

C. Environmental

The fuel cell itself is silent and its effluents, water and a small
amount of heat, are benign to the environment. The fuel reforming
process, in which hydrogen is obtained from a hydrocarbon fuel or
from water when steam is reacted with coal, will require designs
and pollution safeguards compatible with the site chosen for a fuel
cell power plant.

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Fuel Conservation

1. POTENTIAL

First generation cells, like the phosphoric acid cells to be used in
the 4.8 Mw demonstration, will have an efficiency of about 40
percent. However, production cells beyond those to be used in the
demonstration plant would be second generation, with efficiences of
about 45 percent according to EPRI (telephone conversation). This
is about a 12 percent improvement over the average conventional
power plant.

The fuel cell power plant provides another means of conserva-
tion, almost as great as the gain in fuel efficiency. About 10 per-
cent of the power generated today is lost due to line resistance and
induction. Conventional power plants tend to be remote from con-
sumers due to their size and environmental effects. They also tend
to be very large since their design characteristics give an economic
advantage to scale.

In contrast, fuel cell plants may be small. They are silent and
their noxious effluents are an order of magnitude below Federal
standards. Siting problems are therefore minimal and they may be
dispersed into the areas they serve, thus greatly reducing line
losses.

Molten carbonate cells, still in the research phase, are expected
to have similar characteristics and efficiency but may be fueled
with coal of any grade or with petrochemicals. Successfully devel-
oped, these cells hold the prospect of overcoming the main problem
in converting petrochemical plants to coal, that of controlling the
harmful effluents.

2. ACTUAL

Although demonstrations will occur throughout the next decade,
10 years is not sufficient, even with a solution to the marketing
barrier, for the fuel cell to have a significant impact on fuel con-
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sumption. Up to the year 2000, EPRI and United Technologiesproject that fuel cell power plant construction will account for 8 to10 percent of the national capacity.
It has been stated that although the 10 to 20 percent higher fuelefficiency of the fuel cell is a major attraction, the market inroadsmade up to the year 2000 will be related more to the environmen-tal benignity of the plants.2 In California, for example, a basicpower plant may be estimated to cost $1,000/kw but an additional$2,000/kw must be added to comply with environmental regula-tions.3 Half of the added sum is needed for effluent control fromthe plant. The other $1,000/kw is used to buy nearby manufactur-ing plants in order to close them down. The closed plants providethe needed "offset" to keep airborne contamination within Califor-nia's established limits.
As to fuel savings, if a 10 percent market inroad by the year 2000is correct, and the fuel cell plants are 20 percent more efficientthan conventional plants, direct overall fuel savings will be about 2percent.
There are indirect savings, too. Fuel cell power plants may bemade small without an efficiency penalty. They can therefore belocated in the area they are to serve. This characteristic makes theuse of rejected heat attractive for district heating or cogeneration.It also reduces the transmission losses. Net impact of these savingscould be, according to EPRI, as much as an additional 20 percent ofthe direct fuel savings or a net gain of 25 percent total fuel con-sumption for power generation. This would mean a total overall of2.5 percent reduction by the year 2000.

2 Mr. Ed Gillis, fuel cell project manager, EPRI, personal conversation.
'Ibid.



GEOTHERMAL ENERGY *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology

Geothermal energy is generally defined as that portion of the
Earth's heat contained within the crust.relatively near the Earth's
surface. In most areas this heat is so diffuse that it cannot be
economically recovered. In some areas where the underlying geo-
logic structure has led to favorably high heat flow, the geothermal
energy is concentrated and can be recovered as steam or hot water.
These products can be used directly for space heating, industrial
and-agricultural purposes, or indirectly through generation of elec-
tricity. However, even the best of these geothermal deposits, such
as The Geysers dry steam field in California, are relatively low-
grade energy sources when used to produce electricity. The geo-
thermal steam supplying the electric powerplants at The Geysers is
at a temperature around 355 degrees F and 100 pounds per square
inch pressure. This contrasts to steam produced by fossil fuel
plants which is around 1,000 degrees F and 3,700 pounds per
square inch pressure. The lower temperatures and pressures of
geothermal steam plants result in lower efficiency in converting
the heat energy into electrical energy. The thermal efficiency of
producing electricity from hot water deposits, such as those in the
Imperial Valley in southern California, is also low and such depos-
its generally require additional technological complexity to utilize
for that purpose.

Present technology can be divided into three categories: explora-
tion, drilling and utilization. The objectives of exploration are to
locate areas underlain by hot rock; to estimate the volume, tem-
perature, and permeability at depth; and to predict the characteris-
tics of the geothermal fluid when brought to the surface. Photo-
graphic interpretations, aeromagnetic and airborne infrared sur-
veys may be useful for mapping surface thermal manifestations.
Geochemical exploration involving sampling of waters and gases
from springs, steam vents, drill holes and streams is also used.
Ratios and nature of chemical constituents and isotopic composi-
tion yield information concerning minimum reservoir tempera-
tures, homogeneity of fluid supply, chemical content of water at
depth, and source of recharge water. Geophysical techniques that
are most useful include geothermal gradient surveys, heat-flow
determinations, electrical-conductivity surveys, and passive seismic
methods incuding microearthquake measurements.

Geothermal wells are drilled with the standard rotary rigs that
are used in the oil and gas industries. Drilling fluid is usually a
low-solids gel and fresh water system. As temperatures increase
with depth, the drilling mud dehydrates and becomes viscous.

* Prepared by James E. Mielke, specialist in marine and earth sciences.
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Thus, where possible, The Geysers wells are drilled with air toincrease the drilling rate and to reduce loss of circulation prob-lems. Imperial Valley wells are completed with slotted linersthrough the hot brine intervals. The Geysers area wells are com-pleted in open hole with a liner set just above the steam-zone priorto drilling the well to the bottom.
For commercial utilization, a geothermal deposit is engineered toprovide a certain rate of thermal energy production for a specifiednumber of years. Well stimulation techniques may be used to in-crease the flow of hydrothermal fluids or to create cracks in imper-meable hot rock formations. These techniques include the use ofhydraulic fracturing, chemical solvents, and explosives. Hydraulicfracturing consists of pumping a fluid down the well with suffi-ciently high pressure to produce cracks at the bottom of the well.The cracks are extended as pumping continues. After a period ofproduction, a hydrothermal system may decrease in flow because ofsolids deposited in the formation decreasing the permeability. Thistendency can be countered by injecting chemical solvents to dis-solve the solids.
In wet steam (hot water) reservoirs, heat is extracted for powergeneration by either partly flashing (rapid boiling induced by re-duced pressure) the liquid into usable steam or by a binary systemin which the heat energy is transferred to a secondary workingfluid having a lower boiling point. Another use for the geothermalresource is space heating by conducting the hot water fractiondirectly to buildings.

B. Known Resources and Reserves
Geothermal resources are usually divided into four classes: hy-drothermal convection systems, including vapor-dominated and hot-water systems; geopressured deposits; hot tight rock deposits; andmagma systems. An assessment of U.S. geothermal resources issummarized in table 10.

1. HYDROTHERMAL CONVECTION SYSTEMS

Hydrothermal resources consist of water and steam trapped infractured rocks or sediments by confining surface layers. A specifichydrothermal system is classified as "vapor" or "liquid" dominated,according to the principal state of the subsurface fluid. Hydrother-mal resources are currently being utilized for electric productionand direct thermal applications.
Vapor dominated geothermal systems, such as The Geysers inCalifornia or Larderello in Italy, are relatively rare. Production ofsteam from such reservoirs results in a decline in pressure, causingthe water in the rock pores to flash to steam using the heat storedin the reservoir rocks. All large known vapor-dominated systemsare characterized by prominent natural vent areas. Although fewvapor-dominated geothermal deposits are known, this type of de-posit has been the most successfully utilized geothermal deposit forthe production of electricity.



TABLE 10.-GEOTHERMAL ENERGY OF THE UNITED STATES

Accessible Accessihle Accessible fluid resource base to 6.86 km Accessible resource base to 3 km (101 J) Resource Electrici (MWe for Beneficial heat

resource louse to resource base ta (10'I 1) tyr)(0,
10 km (l101 J) 7 km (108 1) Sandstone Shale Total >150- C 90-150 C Total (t0l I) 3Oyr) (10's J)

Conduction dominated:
Land area .33,000,000 17,000,000....................................................... 3,300,000 .

Offshore gulf cast .370,000 180,000 ....................................................... 36,000

Total.................................................... 33,000,000 17,2000,000 ....................................................... 3,300,000.

Igneous related:
Evaluated.101,000...........................................................................
Unevaluated.>900.0. 

............................................. .........................

Total.>1,000,000..............................................................................
Reservoirs of hydrothermal convection

systems ( >90° C):
Identified.......................................................................................................................................................................... .. 950 700 1,60 400

Undiscovered.2,800-4,900 
3,100-5,200 8,000 2,000 72,000-127,000 184-310

Total .............................................................................................................................................................................. 
3,800-5,800 3,800-5,900 9,600 2,400 95,000-15 ,00 20S5

Northern Gulf of Mexico basin (onshore
and offshore):
Thermal energy ........................................ 850,000 410,000 11,000 96,000 107,000 ................................... 270-2,800 .

Methane energy ........ ............................................................................... 6,000 57,000 63,000 ................................... ........ 158-1,600

Total..........17,000.153,000.170,000.4......................................................30-4,400. 17,000 153,000 170,000 .......1 7 0 , 0 0 0 430-4,400 .

Other geopressurdbsn..........red...................................................... 4,0 ..................................sin.............................................4600

Note-Ererries are in joules (); t10t J is approximately 10'5 British thermal units (Btu) which, in turn, equals I quad (a quadrillion Bltu).

Source: Muffler, L. J. P. (editor), "Assessment of Geothermal Resources of the United States-1978," Circular 790, U.S. Geological Survey, Reston, Va., 1979, 163 p.
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Most hydrothermal convection systems deliver a mixture of hotwater and 10 to 30 percent steam at the well head. For purposes of
utilization hot-water systems can be divided into three temperature
ranges: above 150 degrees centigrade, possible utilization for gen-
eration of electricity; from 90 to 150 degrees centigrade, possible
use for space and process heating or perhaps for electricity; and
below 90 degrees centigrade, possible utilization for direct heat
only in locally favorable circumstances.

2. GEOPRESSURED DEPOSITS

Geopressured resources are comprised of water and dissolved
methane at moderately high temperatures, but at pressures higher
than the normal hydrostatic pressure. In the United States,
geopressured resources have been confirmed in sedimentary forma-
tions along the Gulf Coast. On the basis of geological information
obtained from petroleum operations, the Gulf Coast geopressured
resources are believed to be quite large, and there is evidence that
similar geopressured formations in sedimentary basins exist else-where in the United States. Because, in addition to thermal energy
the natural gas is also recoverable, the incentive to produce these
geothermal waters is enhanced. The mechanical energy potential
from depressurization has been shown to be negligible. 1

3. HOT TIGHT ROCK DEPOSITS (HOT DRY ROCK DEPOSITS)

Hot tight rock systems consist of relatively impermeable rocks at
elevated temperatures and generally lacking in naturally circulat-
ing fluids. To extract usable power, these resources require fractur-
ing for the introduction and circulation of a heat transfer fluid.
Since a large amount of geothermal energy appears to be stored inthese deposits, if extraction of this heat becomes economically fea-
sible, the Nation's geothermal energy potential would be greatly
augmented.

4. MAGMA SYSTEMS

With temperatures on the order of 1,000 degrees centigrade
(ranging from 600 to 1,500 degrees centigrade), deep magma sources
represent large amounts of high grade energy. Live volcanoes,
which may offer potential for recoverable magma energy, are
located in Hawaii, the Western United States, and Alaska. Howev-
er, the technical and materials problems attendant with utilization
of magma systems are formidable and while the energy contained
in these systems is immense, the resource is not at present consid-
ered accessible.

C. Current Contribution to U.S. Energy Supplies
Current U.S. geothermal electric power installed capacity is 663

megawatts (about one-tenth of 1 percent of the total U.S. electric
power production) plus 15 to 16 megawatts of nonelectric utiliza-
tion. This compares with the total world capacity of geothermally
produced electricity from the 11 producing countries about of 1,760
megawatts, and total nonelectric utilization of geothermal energy

I White, D. E., and D. L. Williams, eds., "Assessment of Geothermal Resources of the UnitedStates-1975." U.S. Geological Survey Circular 726, 1975, 155 p.
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equivalent to about 4,200 megawatts. Additional geothermal elec-
tric power capacity planned or under construction in the United
States would raise the domestic geothermal electric total to around
1,300 megawatts by the end of 1982.

The major geothermal development in the United States is The
Geysers dry-steam field, from which about one-half of San Francis-
co's electricity is produced. Applications of direct heating include
the cities of Boise, Idaho and Klamath Falls, Oregon which are
partially heated from nearby hot springs and geothermal wells.

D. State-of-the-Art

Geothermal exploration is in a state somewhat similar to that of
the petroleum industry many years ago when exploration was a
matter of drilling oil seeps. The most productive method of finding
geothermal deposits is through the drilling of hot spring areas.

The technology of utilizing dry steam sources, such as at The
Geysers, California, is reasonably well advanced. At The Geysers,
after filters and centrifugal separators are used to remove particu-
late matter from the well head steam, the steam passes through
insulated pipes to a power plant. Conventional condensing turbines
are used to drive the generators. The turbines are designed to
adjust to the comparatively low temperature and pressure of geo-
thermal steam.

In wet steam fields, such as Cerro Prieto, Mexico and Wairakei,
New Zealand, the water and steam are separated and the steam
piped directly to the turbines. In addition, the hot water can be
flash boiled in one or more stages and the lower pressure steam
generated by flashing can also be used for power generation.

In low temperature hot water systems, heat from the geothermal
water pumped from the well is used in a heat exchanger to boil a
secondary fluid, such as freon or isobutane, which has a low boiling
point and which then is utilized to drive a power turbine. The
Paratunka electric power station in Kamchatka, U.S.S.R., was the
first geothermal station to use a secondary fluid (freon). However,
freon leaks have apparently been a chronic problem at this plant.2

While the ability to handle high-temperature, low-to-moderate
salinity geofluids and to convert the heat to usable power with
existing technology has been demonstrated, the use of high-tem-
perature, high-salinity brines and moderate temperature resources
will require advanced and unproven technology for economic oper-
ation.

E. Current Research and Development

Geothermal research and development projects currently funded
in the United States cover a variety of problem areas. The U.S.
Geological Survey (USGS) has a continuing research effort in refin-
ing and updating the assessment of domestic geothermal resources.
The goal of the Department of Energy's (DOE) geothermal program
is to stimulate commercial development by private industry and
local public power authorities of the large but underutilized geo-
thermal resources of the United States. The focus of this program
has been on (a) reduction of costs and uncertainties in reservoir

2 U.S. Congress. House. Committee on Science and Technology Energy From Geothermal

Resources [2 Edition]. Committee print, 95th congress, 2d session. Washington, U.S. Government

Printing Office, 1978, p. 26.
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exploration, assessment, development and utilization; (b) develop-ment and demonstration of cost-effective heat exchangers for awide range of geothermal fluids; and (c) development and demon-stration of environmental impact control technology.
Specific projects currently include:

(a) Confirmation of a low temperature hydrothermal reser-voir in the Atlantic Coastal Plain;
(b) Startup of 15 new direct heat field experiments;
(c) A cooperative agreement with Union Oil and Public Serv-ice of New Mexico for a 50 Mwe demonstration plant;(d) Testing of a geopressured zone with a well drilled inBrazoria County, Texas;
(e) Identification of geopressured reservoir areas in theWilcox formation of Texas and drilling of additional wells inthe Gulf Coast;
(/) Construction of a 3 Mwe wellhead generator in Hawaii;(g) Testing of a full-scale hydrogen sulfide control system atThe Geysers;
(h) Field testing of explosive stimulation and hydraulic frac-turing;
(i) Field testing of improved bits and downhole motor fordirectional drilling; and
(I) Assessing eastern hot dry rock resources. 3

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development
Four general areas of research and development (R. & D.) thatwould benefit all geothermal resources are: resource assessmentand related technology development, drilling technology, heat ex-changers, and materials research. Other geothermal R. & D. needsvary according to the type of geothermal resources being consid-ered.

1. CAPITAL

Research and development related to hydrothermal systemswhich are already in the stage of commercial development areprimarily focused on problems that would also have application toother geothermal resources. The amount of R. & D. capital re-quired ranges from minimal levels for further development of drysteam hydrothermal resources to hundreds of millions of dollarsdepending on the perceived gains (benefit to cost ratio) from im-proved technology and the particularly needs of each development.For example, a study prepared for the Department of Energy(DOE) has estimated that with a requirement of 10:1 benefit to costratio, and postulating that drilling performance savings materialize(and DOE's scenario that 8,650 geothermal wells will be drilled by1990), then $60 million to $230 million could be spent over the next8 to 10 years on a Federal R. D. & D. geothermal drilling technol-ogy program that promises to yield the postulated improvements.4

3U.S. Congress. House. Committee on Appropriations. Energy and Water Development Appro-priations for 1980. Hearings, Part 5, 96th Congress, 1st session. Washington, U.S. GovernmentPrinting Office, p. 331.
4 Mitre Corp. Prospects for Improvement in Geothermal Well Technology and Their ExpectedBenefits. Prepared for U.S. Department of Energy, U.S. Government Office, June 1978, 128 p.
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However, this benefit would be consideably reduced if less than
optimum conditions prevail (primarily if private development is not
sufficiently stimulated to drill the 8,650 wells postulated.)

In general, R. & D. capital requirements for hydrothermal sys-
tems will likely be greater for attempts to achieve economic utiliza-
tion of mid- to lower-temperature resources than for higher tem-
perature resources.

Research and development in geopressured resources includes
reservoir definition studies, drilling and testing geopressured
aquifers, and environmental assessment and monotoring. Current
plans call for DOE to drill and test 25 production wells by 1984 and
at least the same number of injection for brine disposal. Production
wells are expected to cost about $4 million each to drill and $1
million each per year to test.

Potential utilization of hot dry rock systems requires a much
more extensive R. & D. effort as the problems are of a different
and more difficult nature. Current R. & D. efforts are toward
resource definition, planning and economic studies on a national
scale, and identification of experiment sites. An experimental 50
Mw thermal loop is being developed at Fenton Hill, New Mexico.
Capital for R. & D. through 1990 could range from requested pro-
gram funding of $14 million in fiscal year 1981 to much greater
amounts depending on the problems encountered and the number
of development possibilities attempted.

Development of magma systems is of a much more long-term
nature and the major portion of R. & D. capital is likely to be
channeled toward the other geothermal resources through 1990.

2. TIME

Given a successful effort, R. & D. to improve geothermal drilling
technology is expected to begin showing benefits in the mid-1980s.
If the geopressured resources element of DOE's geothermal pro-
gram advances as scheduled, the R. & D. effort would lead to
commercial development by 1985. Research and development in the
area of hot dry rock resources is not likely to lead to commercial
applications before 1990. These time frames for commercialization
of geopressured and hot dry rock resources assume optimum re-
sults and are consequently minimum time frames.

B. Demonstration

1. CAPITAL

Capital requirements for demonstration plants are also depend-
ent on the type of geothermal resource utilization attempted. Dem-
onstration geothermal electric plants from hydrothermal resources
are designed primarily to obtain data on long-term utilization of
improved technology and more difficult reservoirs. The Federal
contribution to capital requirements would be expected to decrease
as these projects are completed and private development is stimu-
lated. Funding requested for fiscal year 1981 was $20 million for
design, construction, and operation of these facilities. At current
prices a 50 Mwe geothermal demonstration plant using binary
technology would cost about $50-70 million. Demonstration of
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direct heat applications from mid- to low-temperature hydrother-
mal resources is also part of the current program and is expected
to decrease as designs are proven and private commercialization
expands. The funding request in this program area was $16 million
for fiscal year 1981.

Capital requirements for geopressured demonstration plants are
expected to peak in the early to mid-1980s and to decrease thereaf-
ter. The level reached would depend on the number of demonstra-
tion plants required to adequately prove the economic viability of
the resource base, assuming the current R. & D. effort is successful.
Geopressured demonstration plants would likely be more costly
than hydrothermal because of the increased complexity.

Also assuming a successful R. & D. effort, capital for hot dry rock
demonstration plants may be required beginning in the mid to late
1980's. This capital requirement would likewise depend on the
technology developed, but would likely be greater than hydrother-
mal or geopressured demonstration plants since this resource
would be more costly to develop.

2. TIME

See A.2, above.
C. Commercialization

1. CAPITAL

Through 1990, 37 specific projects have been identified which are
postulated to produce power by suitable conversion of steam, liquid-
dominated hydrothermal or geopressured resources.5 The cost of
each of these projects will be a function of its size, depth and
characteristics of each reservoir, type of technology employed, and
inflation during the coming decade. The cost of producing the goal
of 10 gigawatts by 1990 (see IV.A, below) based on known costs of
developing hydrothermal deposits would be about $6.5 billion in
1979 dollars not counting the financing cost of capital or any cost
of electrical generating facilities.6 In addition, an equal amount
would be required for replacement production wells and distribu-
tion facilities over the approximately 30-year operating life of each
development as the resource depletes. Electrical generating and
transmission costs would vary, but some perspective can be gained
from the 110 MW generating facility and 38-mile transmisson line
for Unit No. 16 at The Geysers, which are estimated at $68 million
and $63 million respectively.7

The costs of producing a geopressured resource are unknown."
One estimate of the capital cost for a 25 Mw, double flash power
plant coupled with a geopressured fuel plant was over $60 million
in 1978 ($65 million in 1979 dollars using the implicit price deflator
for gross national product).9 Using this figure, 10 gigawatts of
electric capacity would cost $26 billion in 1979 dollars. Estimates

5
Mitre Corp., op. cit., p. 4.8
Calculation based on data in Oil and Gas Journal, Dec. 18, 1978, p. 15-19.7
Wall Street Journal. Mar. 4, 1980 p. 41.
U.S. Congress. Senate. Committee on Appropriations. Energy and Water Development Ap-propriations, fiscal year 1980. Hearings, Part 5, Dept. of Energy, 96th Congress, 1st session.Washington, U.S. Government Printing Office, p. 901.5
Wilson, J. S. A Geothermal Power Plant. Chemical Engineering Progress, November 1977:

71-990 0 - 81 - 19
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for the cost of producing the associated methane from geopressured
deposits have ranged from $2.50 to $10.00 per thousand cubic
feet. 10

2. TIME

Through 1982 only The Geysers field is expected to produce
electric power on a commercial scale. It is assumed that liquid
dominated hydrothermal would come on stream beginning in
1983.11 Since geopressured resources are expected to contribute
energy by 1986, yearly additions of power should grow slowly from
1979 through 1989 and reach a plateau for the period 1990-1995.i2
Hot dry rock resources are not expected to become significant
contributors of power by the turn of the century.

3. OTHER

The industrial base and manpower requirements are not likely to
be significant factors in geothermal commercialization. Material
needs are also not a significant constraint in terms of quantity but
may be a concern in terms of needed improvements in materials.
Energy input is not likely to be a significant deterrent to hydro-
thermal or geopressured development, but may be significant in
the case of hot dry rock resources.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

A. Technical

Because of high-temperature and salinity, reliable pumping of
geothermal fluids at depth (as required to control wellbore chemis-
try and increase fluid extraction rates to commercial levels) has
not been attained. Without dependable downhole pumping only the
highest temperature resources can be commercially developed.' 3

Another major technical barrier is inability to reliably predict
reservoir capacities, lifetimes, and production characteristics. This
is a major barrier to commitments by utilities and financial institu-
tions. A potential obstacle to hydrothermal resource development is
the difficulty in managing the brine and controlling its chemistry
in order to minimize plugging of the formation during reinjection.
This adds to uncertainties about the economics of use.

Development at The Geysers has been slowed by lack of success-
ful demonstration of hydrogen sulfide abatement technology. This
is a major problem which is being worked on, but may be a prob-
lem for only a few geothermal energy sources in the United States.
However, near-term development at The Geysers, which is the
premium U.S. geothermal resource, is critical to the growth of the
industry.

An obstacle to development of direct heat applications is the
difficulty in quantifying the cost and reliability of heat transfer
equipment because of the lack of operating experience.

IO U.S. Congress. Senate. Energy and Water Development Appropriations, fiscal year 1980, op.

cit., p. 901.
Mitre Corp., op. cit., p. 4.
[5 bid.

ID DOE, Draft Commercialization Strategy Report for Hydrothermal Electric and Direct Heat

Application, TID-28840, 1978, p. 55.
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B. Economic
The high cost of drilling wells and constructing gathering sys-tems is a potential obstacle to the implementation of geothermaltechnology. This factor dominates power costs and makes a largefraction of the resource noncompetitive with other energy sources(under current technology and tax laws). In the absence of otherincentives, developers would concentrate on high temperature re-sources which offer more promise of economic return rather thanlow-to-moderate temperature resources. An obstacle, particularlyfor small resource companies, is raising front-end capital for explo-ration and development. Because of the small individual unit size(50 to 100 Mwe) and incremental pattern of reservoir development,another economic obstacle to development of remote or small reser-voirs is transmission line costs and availability.
Economic uncertainty arising from technical and institutionaluncertainties is an obstacle to accelerated geothermal development.

Normal financing of powerplants is not readily available to utilitiesbecause of currently perceived high risks of unproven technology.Since there are no operating flash-steam plants or binary plants,utilities would be hesitant to invest in these technologies.

C Environmental
Competing land uses and priorities coupled with limited data onthe impacts of geothermal energy development make surface man-agement agencies reluctant to permit geothermal development.14

Most high temperature resources are in relatively primitive orundeveloped areas. Major conflict could well arise with preserva-tion of the undeveloped character of these lands. Restrictive regula-tion may result from concerns for the protection of fresh wateraquifers from possible contamination by geothermal fluids. Limiteddata exist on effects of geothermal fluid withdrawal on subsidence.This concern could also be a potential environmental obstacle slow-ing development.
D. Social

State public utility commissions tend to view geothermal power-plants as unproven technologies. As a result, only limited R. & D.funds are allowed to be included in the utility rate base. Lack of aninfrastructure to bring together complementary teams of develop-ers, users, and financial institutions also can delay geothermaldevelopment. Absence of public education and information dissemi-nation has resulted in few industries, organizations, communities,and other potential market participants being made aware of geo-thermal opportunities and potential benefits of direct heat applica-tions.
E. Political

Lack of explicit treatment of geothermal applications, particular-ly direct use, in existing laws dealing with energy resources hasimpeded development. Problems exist with regard to resource defi-nition for ownership rights, relationship to water law, leasing and
-o DOE. Draft Commercialization Strategy Report for Hydrothermal Electric and Direct HeatApplication, p. 57.
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regulatory authority, and property and severance taxes, and other
aspects of State and Federal laws.15

F. Competing Uses for Available Equipment

Geothermal developers must compete for drilling rigs and other
equipment needed in oil and gas exploration. This is an obstacle to
geothermal development as oil and gas generally offer promise of
greater economic return.

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990

The potential contribution of geothermal energy to total U.S.
energy supplies depends on a number of interdependent factors.
Engineering research, if successful, can probably accomplish the
technical objectives in a timely fashion. However, institutional bar-
riers such as tax and legal uncertainties, and leasing, regulatory
and permitting procedures must also be breached. Finally economic
returns must be demonstrably sufficient to stimulate the large
amount of private investment needed for geothermal development.
It is estimated that if the current Federal geothermal program is
successful, electric power generating capabilities will be as much as
3 to 4 gigawatts by 1985, and 10 by 1990.16i Expected capacities for
direct thermal applications are 0.1 to 0.2 quads/year by 1985, and
could be twice that level or more by 1990. In addition, it is antici-
pated that commercial production of geopressured methane will
amount to as much as 0.02 quads per year by 1985.17 Since develop-
ment of geopressured resources is expected (by DOE) to increase
considerably after 1985, recovery of associated methane would also
increase.

The 1985 time frame estimates would appear to be fairly realistic
since they are primarily based on conventional geothermal re-
sources utilization, much of which is currently planned. However,
to attain the levels estimated by 1990, significant advances in
geopressured development would be required.

B. Contribution by 2000 or Beyond

Estimates developed by DOE for electric power production from
geothermal resources range from 20 to 40 gigawatts by the year
2000 and from 70 to 140 gigawatts by 2020.18 Direct heat applica-
tions are estimated to amount to 0.5 to 2 quads per year by 2000
and between 6 and 8 quads per year by 2020. In addition, DOE
estimates that geopressured methane recovery could yield 2 to 4
quads per year by 2000 and 16 to 28 quads per year by 2020.19 To
put this in perspective, the geothermal production levels envisioned

- DOE, Draft Commercialization Strategy Report for Hydrothermal Electric and Direct Heat
Applications, p. 66.

'1 Interagency Geothermal Coordinating Council. Geothermal Energy, Research, Development
and Demonstration Program, Second Annual Report, DOE/ET-0039/1 IGCC-3, April 1978, 121

" U.S. Congress. House. Committee on Appropriations. Energy and Water Development Ap-
propriations for 1980. Hearings, Part 5, op. cit., p. 330.

hIbid.
tIbid.
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by DOE by the year 2020 would displace 20 to 45 million barrels of
oil per day. The higher figure is over twice the current daily
petroleum consumption of the United States. Hence, attainment of
these levels of geothermal energy production by the year 2020
appears highly unlikely, especially considering the potential avail-
ability of other energy sources by that time. Furthermore, consider-
ing the recent findings of DOE's geopressured drilling program
(where higher than expected salinities have been encountered,
keeping methane concentrations low), many experts now suggest
that even modest hopes for geopressured geothermal energy will bedifficult to fulfill.20

While geothermal energy is a potentially useful source of energy,
it is restricted to the areas in which suitable temperature anoma-
lies occur. Furthermore, considering the technical and economic
barriers it faces, geothermal and geopressured energy development
would appear unlikely to become a major source of energy before
the end of the century. A crash program to bring these resources
on stream could have several outcomes. First, it could speed up the
process of technology development. If the economics of producing
geopressured or hot tight rock deposits were favorable, the crash
program could pay off. However, the economy of developing these
resources may not be favorable (long-term energy output per well
too low) and, thus, the crash program would only result in a
shortened period of uncertainty before the economic data were
available.

Putting the necessary resources and materials into a crash pro-
gram for geothermal development would likely necessitate, to some
extent, their removal from related areas such as oil and gas explo-
ration and development, and enhanced oil recovery. In an extreme
case this could possibly lead to a net short-term decrease in energy
production. However, if the program were successful, an increase
in energy supply over the long-term might be expected.

A recent energy supply and demand study by the National Acad-
emy of Sciences (CONAES study) projected that geothermal energy
in the most favorable or national commitment scenario (such as
might be envisioned through a crash program) could contribute
8.24 quads by 2010.21 Conservatively discounting this by one-third
or roughly the contribution from the more difficult hot tight rock
and magma sources, a reasonable projection of maximum geother-
mal energy development in 2010, as from a crash program, might
suggest a level on the order of five to six quads. At current prices
this level of production would cost roughly $3 billion to $4 billion,
not counting the financing cost or cost of any electrical generating
facilities.

Science, vol. 207, Mar. 28, 1980, p. 1455-1456.
A National Academy of Sciences. Energy in Transition 1985-2010. Final Report of the Commit-

tee on Nuclear and Alternative Energy Systems, National Research Council, Washington, D.C.,1979, 783 p.



HYDROGEN *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology

Hydrogen is now produced from water, natural gas, or coal.
Future concepts involve producing hydrogen from water, with
energy being consumed in order to dissociate the water molecule
into hydrogen and oxygen. In commercial use, hydrogen would be
distributed through pipelines and then recombined with oxygen to
produce water, thus liberating energy which would be used to
replace conventional fuels for heating and cooling, transportation,
and industry. The use of hydrogen, therefore, is primarily a
method for the storage and distribution of energy that is generated
by other means. In this way it is comparable to electricity, which is
our present method of distributing large amounts of power.

Some hydrogen advocates foresee, as a long-term goal for the
development of hydrogen energy, the concept of a "hydrogen econo-
my" in which water would be separated into hydrogen and oxygen,
using a non-fossil fuel energy source, such as nuclear or solar
energy. The hydrogen produced in this manner would then be
transported through pipelines and burned to provide fuel for var-
ious needs (e.g., transportation, industry, heating, and cooling).
Since the burning of hydrogen involves combining it with oxygen
to produce water, a "hydrogen economy" would actually comprise a
huge closed system where (a) hydrogen and oxygen are separated
out from water, with expenditure of energy being required, and (b)
hydrogen is recombined with oxygen to form water, with a release
of useful energy taking place. This concept is envisioned by some as
a replacement for many existing energy sources and much energy-
consuming equipment.

B. Know Resources and Reserves

The potential supply of hydrogen is almost infinite, as each
molecule of water on Earth is one-ninth hydrogen by weight. The
difficulty lies in separating the water molecule into hydrogen and
oxygen.

C Current Contribution to US. Energy Supplies

The use of hydrogen as a fuel today is limited to experimental
applications, with no major impact on the existing energy situa-
tion.

D. State-of-the-Art

Hydrogen for industrial uses is produced to day primarily by
steam reformation of natural gas. Hydrogen can also be obtained
from coal, using known coal gasification technology. The produc-

'Prepared by Migdon Segal, analyst in energy technology.
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tion of hydrogen from water, however, is not yet economically
practical because of the high cost and low efficiency of existing
electrolytic and thermochemical methods.

As for the use of hydrogen, a hydrogen-powered bus has been
developed, and a demonstration house that meets all of its energy
needs with hydrogen has begun operation.'

Liquid hydrogen has been used in large quantities (more than
100-billion cubic feet total) in support of the space program. Liquid
hydrogen storage has been practiced in volumes of up to a million
gallons. The design requirements of constructing pipelines for the
transmission of gas are well understood, and the practices and
codes for doing so have been developed. However, the tendency of
hydrogen to leak through and "embrittle" pipeline walls would still
be of concern.2

E. Current Research and Development
The Department of Energy (DOE) funds hydrogen research under

a number of separate programs, and it is not a "line item" in the
budget. Funding appropriated for this purpose for fiscal year 1980
was $23.1 million (estimated). For fiscal year 1981, the Administra-
tion's request for funding was approximately $23 million.

The DOE subdivides its hydrogen research into three broad cate-
gories: production, storage and transport, and conversion (i.e., use
for energy). At present highest priority is given to the production
area, since this area includes the most difficult technological obsta-
cles, and since the storage, transport, and conversion technologies
will not be usable if economic processes for the production of
hydrogen are not developed.

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development

Research and development regarding the use of hydrogen as a
fuel is needed in three major areas, as follows:

1. HANDLING AND STORAGE

Hydrogen is one of the most difficult of all materials to handle
and istore. As a gas, its low density makes bulky, high-volume
containers necessary (or alternatively, very high pressure contain-
ers), and it tends to leak through container walls and may even
attack those walls through the phenomenon known as "hydrogen
embrittlement." This phenomenon is not well understood, and the
degree of severity is in doubt. However, according to DOE, hydro-
gen may be passed through existing natural gas pipelines, mixed
with natural gas, without significant leakage or embrittlement at a
somewhat lower pressure than is normally used in those pipelines.3
As a liquid, hydrogen requires cryogenic temperatures close to
absolute zero that are difficult to maintain. As a metal hydride (a
chemical compound formed by reacting hydrogen with certaifn

' Developments by Billings Energy Corp., Provo, Utah.
2 The safe distribution and handling of hydrogen for commercial application. F. A. Martin,

Union Carbide Corp., Linde Division, 7th IECEC, 1972, pp. 1335-1341.
3 Telepbone conversation with Dr. James Swisher, DOE, May 1980.
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metals), hydrogen is somewhat more manageable than it is in the
gaseous or liquid forms. However, the quantity of metal required
makes metal hydride storage of hydrogen costly in terms of weight
load (particularly damaging for use in an automobile), and in terms
of consuming metals resources.

2. ENERGY LOSS IN HYDROGEN FORMATION

There is a sizable loss of energy in the hydrogen cycle, which
involves using energy to dissociate hydrogen from the water mole-
cule, then recombining hydrogen and oxygen to form water and
obtain energy. The energy obtained in such a cycle can never be as
much as the energy expended. An early estimate was that 6 Btu of
electricity would be required for each Btu of electricity generated
from hydrogen.4 The DOE contends that this ratio is excessively
high, and that the efficiency of existing processes for producing
hydrogen from water is 65-70 percent, i.e., 3 Btu of electricity
would produce 2 Btu of usable energy from hydrogen. Future tech-
nologies promise 85 percent efficiencies.5 Waste heat may be used
to decompose the water molecule thermally, and the high tempera-
ture needed (2,500 to 3,000 degrees C) for direct thermal decomposi-
tion may be lowered by various "thermochemical" schemes where
the decomposition takes place in a series of steps, which lower the
temperature needed to perhaps 730 degrees C. The question of
whether the energy loss can be kept within acceptable levels re-
mains to be resolved.

3. MOTOR VEHICLE USE

The use of hydrogen as a motor vehicle fuel is virtually impossi-
ble at this time because of materials, size, and weight handicaps.
The best of the proven metal hydrides, iron-titanium, would re-
quire hundreds of pounds of metal to hold enough hydrogen to
equal the fuel capacity of a 20-gallon gasoline tank. This would
greatly increase the weight and metal content of an average car
and, if such vehicles were used in large numbers, it would strain
supplies of both iron and titanium. Experimental work is under
way to find lighter-weight metal hydrides which would be inexpen-
sive and readily available. if such materials can be found, the use
of hydrogen for automotive purposes may become feasible.

B. Demonstration

Demonstration projects do exist with regard to the hydrogen-
powered bus and hydrogen-powered home previously mentioned.
Other demonstration projects would presumably be needed as
R. & D. in hydrogen use advances, particularly with regard to the
low-cost production of hydrogen, its transportation and storage
(without significant leakage), and its practical use in motor vehicles
and other energy-consuming applications.

4Telephone conversation with G. Strickland, Brookhaven Laboratory, and our own calcula-
tion, 1975.

5 Telephone conversation with Dr. James Swisher, DOE, May 1980.
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C. Commercialization.
Hydrogen as a fuel has not reached the point in its developmentwhere reliable judgments as to the capital, time, manpower, andother requirements needed for its commercialization can be made.

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

A. Technical
The technical obstacles to the development of hydrogen as anenergy source have been enumerated previously. Briefly, they in-clude (a) the need for production of hydrogen from water in anenergy-efficient manner, (b) the development of lighter metal hy-drides to use as hydrogen "storage tanks" in automobiles, as op-posed to the present iron-titanium hydride which requires some3,200 pounds of metal to hold enough hydrogen to equal the fuelcapacity of a normal automobile gas tank, and (c) the need for lowcost materials which can be used for hydrogen storage containersand hydrogen transmission pipelines without experiencing exces-sive leakage or embrittlement.

B. Economic
Analyses of the economics of hydrogen as an energy source arein their early stages. One representative study, commissioned byDOE, showed that hydrogen produced through coal gasificationmight be economical in chemical applications (e.g., for productionof ammonia) by the late 1990's, as natural gas prices rise morerapidly than coal prices. As for hydrogen produced through elec-trolysis of water, the major constraint on its development was saidto be the availability of low cost electricity. The first sites for waterelectolysis to produce hydrogen were expected to be low hydrosites, where electricity costs would be the lowest. Later, electricityfor this purpose could be produced from nuclear power plants.Projections indicate that significant amounts of power at off-peakcost for this purpose will not be available until the late 1990's. Asthe price of natural gas rises, full cost electricity from nuclearplants could become competitive as a source of hydrogen for smallscale uses. Electrolysis and coal gasification were said to be comple-mentary and not competitive as technologies for producing hydro-gen, with electrolysis better suited to hydrogen production forsmall scale uses while coal gasification might be better suited forlarge-scale production. Also, electrolysis might be the method ofchoice for the Northeast and the West, while coal gasificationwould be used in other areas of the country where coal resourcesare present.6

C. Environmental
The use of hydrogen has many environmental advantages. Hy-drogen is clean burning, with water the only combustion product.It use to replace conventional fuels would be beneficial, particular-ly in a high-pollution urban area.

'Economics and market potential of hydrogen production. Study performed for U.S. Depart-ment of Energy, Division of Energy Storage Systems, by Hittman Associates, Inc., Columbia,Md., September 1978.
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D. Social

Large-scale use of hydrogen in the energy system would have
major social and political implications. In its most extensive form,
the "hydrogen economy" would replace. many existing forms of
energy distribution and storage, and the societal adjustments this
would entail would be major. In the executive summary of the final
report on an NBS-sponsored "Workshop on Societal Aspects of
Hydrogen Energy Systems," it was stated that:

The dominant role of sociopolitical factors transcends hydrogen. Introduction of

any new (energy) technology implies change in existing institutions; and institution-
al change rests upon societal "facts" (values, perceptions).

The summary goes on to state that large scale use of hydrogen as
a fuel would depend on such factors as internalization of costs,
government action on incentives and regulations, and goal-oriented
planning.7

E. Political

The political aspects of a shift from existing energy sources to a
"hydrogen economy" would be similarly extensive. Hydrogen would
presumably be a political "plus", because of its potential for replac-
ing petroleum-based fuels (e.g., gasoline as an automotive fuel), and
its clean burning characteristics which would diminish the air
pollution problem in urban areas. Possible problems would include
the siting of large nuclear or solar plants where the energy to
produce the hydrogen from water molecules would be generated.

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990

No significant contribution from hydrogen is likely by 1990. In

order for hydrogen to be used in a major way, the production and
materials problems mentioned previously would have to be solved
in the near future. Also, in order to implement the "hydrogen
economy" concept, hydrogen would have to be produced from water
at a sea or lakeshore facility, using an energy source such as
nuclear or solar energy. At this time it does not appear likely that
advanced nuclear or solar energy development will have progressed
to the point where such applications are feasible by 1990, given the
present difficulties associated with both of these energy sources.

B. Contribution by 2000 or Beyond

For the distant future, the theoretical possibilities for hydrogen
as a fuel are limitless, given the abundance of water from which
hydrogen can be obtained. The question then becomes whether
hydrogen energy systems will be competitive with the alternatives
which may be available by that time. The DOE, in its report
entitled "Economics and Market Potential of Hydrogen Produc-
tion," declares that information based on computer modeling of
future energy scenarios suggests that the use of hydrogen as a fuel

I Currie, L. A. and Kropschot, R. H. Hydrogen: a Workshop on Societal Aspects of Hydrogen

Energy Systems. Sponsored by National Bureau of Standards and 5 other agencies. Reston, Va.,

June 4-7, 1978. (Executive Summary.)
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would be quite limited before the year 2020.8 It does not addressthe question of post-2020 development. s

8 U.S. Department of Energy. Division of Energy Storage Systems. "Economics and marketpotential of hydrogen production." (Report No. ANL-4409-1j. Prepared by Hittman Associates,Inc., Columbia, Md.



LOW-HEAD HYDROPOWER *

I. SURVEY OF THE CURRENT SITUATION

The energy crisis has rekindled interest in development of new
hydroelectric facilities and improvement of existing ones. In partic-
ular, the idea of installing small units on minor rivers and tribu-
taries has become popular, and many previously developed sites,
now abandoned, offer possibilities for augmenting the Nation's elec-
trical energy needs. Hydroelectric projects can be attractive be-
cause they utilize a renewable resource and produce electric power
over long service lives without consuming depletable fuel resources
in the process, although they can also have adverse environmental
and other impacts.*

A. Description of the Technology

A hydroelectric project may harness either the potential energy
of a river's gravitational fall or the kinetic energy of its motion to
produce electricity. In the first case, water may be stored behind a
dam-the reservoir area is called the forebay and the surface of
the forebay is called the headwater elevation-and released at
desired intervals through a conduit called a penstock or power
intake. The penstock directs the water to a turbine-driven gener-
ator below the dam. Water is released from the turbine into an
afterbay, the surface of which is referred to as the tailwater level.
The force exerted by the water on the turbine blades drives the
turbine, which in turn drives a generator to produce electricity.
The energy producing potential of a system depends on the height
of its head-the difference in elevation between the headwater and
tailwater. In the second case, run-of-the-river dams, unlike reser-
voir facilities, rely on the naturally flowing river water to produce
power. However because weather and the seasons alter river flow,
run-of-the-river dams are not always reliable suppliers of power.

B. Known Resources and Reserves

The total physical hydropower resource for the United States is
estimated to exceed 512,000 megawatts (Mw) of capacity with an
average annual energy generation greater than 1.4 trillion kilo-
watt-hours (kwh), according to a preliminary study released by the
Corps of Engineers.' This comprises existing hydropower as well as
estimates of incremental and undeveloped conventional hydroelec-
tric power potential. The study found a total of almost 64,000 Mw
of installed capacity at 1,252 existing hydropower facilities current-
ly generating an average of over 280 billion kwh of electric energy
per year. There are 5,424 existing dams, some of which are generat-

Prepared by John Justus, specialist in Earth sciences.
U.S. Department of the Army. Corps of Engineers. Institute for Water Resources and

Hydrologic Engineering Center. National Hydroelectric Power Resources Study: Preliminary

Inventory of Hydropower Resources. Washington, July 1979, 6 volumes (various paging).
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ing power at present, identified as having the physical potential fornew incremental power development, i.e. adding hydropower plantsor increasing hydropower output with upgraded equipment. Thefull development of this incremental potential could yield an addi-tional capacity of almost 95,000 Mw with an average annual energygeneration exceeding 223 billion kwh. This represents an estimatedsavings in oil consumption equivalent to about one million barrelsper day.2 While the physical potential for this increase is clearlyavailable, some of these projects might not satisfy more detailedeconomic analysis as well as the institutional and environmentalcriteria which might be imposed upon them.
There are 4,532 potentially feasible undeveloped sites which, iffully developed for hydropower, could yield approximately 354,000Mw with an estimated average annual energy generation greaterthan 935 billion kwh, representing an estimated savings in oilconsumption equivalent to 4.3 million barrels per day. Many ofthese sites have less chance of acceptance than the modification toexisting projects because of the potentially more adverse environ-mental and institutional effects. Furthermore, 47 percent of thisundeveloped potential is located in Alaska where it might be eco-nomically difficult to develop and transmit the power to potentialusers.3

Of the Nation's existing hydroelectric power sites, large-scalefacilities (25 Mw and larger), particularly those located in thePacific Northwest and the Southwest regions, account for approxi-mately 92 percent of the capacity and the energy generation.
Small-scale facilities (15 Mw and smaller) account for about 5 per-cent of the Nation's installed hydro capacity and hydroelectricenergy, and there are 5,655 of these small dams which are eithergenerating power or have the potential for incremental develop-ment. The installed capacity at existing small-scale facilities isestimated at almost 3,000 Mw with an average annual energygeneration exceeding 15 billion kwh. Full incremental development
of other potentially feasible, existing small-scale projects couldmore than double this output by adding another 5,400 Mw ofcapacity and 17 billion kwh (77,600 bbl/day equivalent) of energy tothe total. In addition, 2,642 potentially feasible, undeveloped siteswere identified which could provide an estimated capacity of about8,000 Mw and more than 28 billion kwh (127,800 bbl/day equiva-lent) of average annual energy generation.4

C. Current Contribution to U.S. Energy Supplies
Conventional hydroelectric developments make up slightly morethan 15 percent of the electric generating capacity in the UnitedStates. This corresponds to a total of 64,000 Mw of installed capac-ity at 1,251 sites producing an average of over 280 billion kwh ofelectrical energy per year.

2 One barrel of oil=600 kwh at the point of consumption. Corps of Engineers, op. cit.U.S. Department of the Army. Institute for Water Resources and Hydrologic EngineeringCenter. National Hydroelectric Power Resources Study, vol. 1, p. 13.
4 Ibid., pp. 7-13.
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D. State-of-the-Art

Using flowing water to generate electricity has been practiced
commercially in this country since the 1880's, when small dams
first supplied power to mills, factories, and nearby towns. However,
hydroelectric development in the United States has for four dec-
ades focused on large-scale projects. Small facilities of the sort
employed extensively by Japan, Switzerland, Sweden, and China
have remained largely undeveloped in the United States and,
where they did exist, many small hydropower plants were aban-
doned over the years in favor of large, centralized, fossil-fueled,
steam electric plants. The economic rationale for abandoning low-
head hydro plants-high costs for operating personnel, efficiency
considerations, variability of the resource-seemed correct when
decisions were made. However, subsequent changes in the technol-
ogy and the relative economics of small hydropower plants have
prompted a reexamination of the issues, and it now appears appro-
priate to assess the status and technological prospects for small
scale hydropower as well as the rehabilitation and/or augmenta-
tion of existing hydropower facilities of all sizes.

E. Current Research and Development

In May 1977 the Energy Research and Development Administra-
tion (ERDA) established the low-head hydroelectric program and
assigned its management to the Division of Geothermal Energy.
During the remainder of fiscal year 1977 program planning and
resource assessment activities predominated. Cooperative arrange-
ments were established with the Corps of Engineers and the
Bureau of Reclamation (Department of the Interior) to strengthen
their low-head programs and avoid duplication of capabilities.

In fiscal year 1978, with the formal authorization of the program
by Congress and an appropriation of $10.0 million, various projects
were initiated: cost-shared projects to carry out site-specific engi-
neering and economic feasibility studies, development of advanced
technological concepts, improved resource assessments, and analy-
ses of institutional barriers slowing commercialization. The pro-
gram was transferred in October 1977 to the U.S. Department of
Energy (DOE). The fiscal year 1979 appropriation included $28.0
million to begin an industrial development program encouraging
turbine standardization, expand regional resource assessments, and
facilitate the license application process.

The fiscal year 1980 DOE appropriation contained $18.0 million
for use in funding feasibility study loans and providing appropriate
technical and institutional assistance to prospective dam develop-
ers. Economic, environmental, legal and institutional studies were
continued in fiscal year 1980 to identify barriers to hydro develop-
ment and if possible, eliminate them. The technical development
program to reduce hydro design, construction, operation and main-
tenance costs was scheduled for completion.

The fiscal year 1981 budget included a request for $18.2 million
to funding DOE cost sharing of small hydro construction projects,
fund feasibility study loans, and further expand the hydropower
resource development outreach program.
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The largest share of funding has gone to feasibility studies anddemonstration projects. In fiscal year 1978 DOE awarded, undercompetition, $2.9 million in grants for fifty seven proposals todetermine the feasibility of installing hydroelectric generators atexisting dams less than 65 feet high and with generating capacityless than 15 Mw in 30 States and Puerto Rico. In fiscal year 1979,the Department selected seven existing hydroelectric projects fromapplications submitted in response to a competition announced inJune 1978. The grants, totaling $4.2 million, were used to install orimprove the generating facilities at these existing dams in sevenStates. On June 22, 1979 DOE mailed a program opportunity noticeto some 3,000 organizations and individuals inviting proposals toinstall and operate small hydroelectric plants at existing dams,with no limitation on height but with a generating capacity lessthan 25 Mw. Fifteen grants amounting to $16 million were award-ed in response to this competition.
The DOE's widening program of financial assistance to test thefeasibility of small-scale hydropower nationwide is being augment-ed by the technical services and financial resources of six otherFederal agencies under the President's program of Rural EnergyInitiatives. The purposes of the program are to identify possibleprojects for small hydroelectric development, test their engineeringand economic feasibility, and if feasible, assist and encourage theirdevelopment. The Bureau of Reclamation, Rural Electrification Ad-ministration, Department of Housing and Urban Development, andCommunity Services Administration agreed to earmark portions oftheir respective resources to provide $300 million in grants, loansand loan guarantees to stimulate construction of up to 100 projectsby the end of 1981, adding approximately 300 Mw of capacity(assuming an estimated average installed capacity of 3 Mw at eachsite).

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development
Although low-head hydro is a well developed technology, the lackof new projects since World War II lends it the flavor of an emerg-ing technology. Revitalization is the target: revitalization of thetechnology, of the industry to support it, and of interest amongpotential developers, including utilities, municipalities, individuals,small companies, and others who may own dams. Heavy Federalsupport has characterized the early steps in this direction. Engi-neering research and development have focused on reducing thecost of small-scale hydro equipment-a major obstacle to furtherdevelopment. Large hydro plants are custom designed to extractthe maximum possible amount of energy out of a streamflow. Atthe present time, small plants are built the same way, and customdesign means custom price. The cost of custom engineering for asmall hydro project has been found to equal the cost of the equip-ment and add about a year to a job's schedule. The picture is

5 Units May Slash Small Hydro Costs. Engineering News-Record, v. 202, no. 4, Jan. 25, 1979:21.
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changing, however, and manufacturers are starting to provide
standardized designs. A line of standardized 50-kw to 5 Mw hydro-
electric turbine-generators is now being marketed that may cut the
cost of developing low-head flows at existing dam sites by as much
as 50 percent.6 This equipment is said to be deliverable within nine
months in any one of 10 pre-engineered packages of equipment for
generating electricity at low-head sites.7 8

In addition to refinement of turbine-generator technology, an
evaluation of the state of civil works technology is necessary to
determine areas most susceptible to cost reduction through simpli-
fication and standardization. This would be followed by a program
to achieve cost reduction techniques and practices for an entire
hydro facility system.

A broad variety of environmental and hydrological information
is required for further development because decision makers gener-
ally lack understanding of the size of the potentially exploitable
hydro resource base. Studies by the Corps of Engineers, Bureau of
Reclamation, regional river basin commissions and councils, and
DOE contractors are providing information to define the potential
of existing sites. The New England River Basins Commission has
assessed New England's hydro resources,9 and with DOE support,
State planning groups in Washington, Oregon, and Idaho have
evaluated resources in those States. Using State funds, New York
and Pennsylvania have developed similar information. Surveys of
Southern, Western, and Midwestern States would be beneficial.

B. Demonstration

Most potential small-hydro developers (those who own dams) are
relatively small entities (individuals, small companies, municipal-
ities, municipal utilities) who need help to surmount the financial
and institutional obstacles inherent in developing a dam for hydro-
electric power production. From their perspective front-end costs
are high, both to determine if a site is feasible and to purchase
capital equipment, and the license and permitting process is often
complex.' 0 In accordance with Title IV of the Public Utility Regu-
latory Policies Act of 1978 (Public Law 95-617), $10 million for
fiscal year 1979 and 1980 was authorized and appropriated for
direct Government cost-sharing loans to evaluate dam sites with
projected capacities of 15 Mw or less and apply for necessary
Federal, State, and local permits. Loans are forgiven where the
Secretary of Energy concludes, on the basis of the study, that the
proposed project has proved to be not feasible for small-scale hydro-
electric development. If proved feasible, a developer would then be
obligated to repay the loan when the hydro site starts producing
power. This law also contains a provision in Title IV directing the
Secretary of Energy to make Government cost-sharing loans to
cover architectural, engineering, and construction costs. One hun-

6 Claims made by the marketer, Allis-Chalmers Corp., Milwaukee, Wis.
7 Ibid.
Low-Head Hydro Lures $1-Billion Market. Engineering News-Record, v. 203, no. 13, Sept. 27,

1979: 20-21.
9 Potential for Hydropower Development at Existing Dams in New England; NERBC Hydro-

power Expansion Study. Boston, New England River Basins Commission and U.S. Army Corps
of Engineers (New England Division), 1980, 8 volumes (various pagings).

' See, generally, Proceedings of the Mid-Atlantic Conference of Legal and Institutional Obsta-

cles and Incentives to Small Scale Hydroelectric Development. Washington, D.C., May 4-5, 1979.

Sponsored by Energy Law Institute, U.S. Department of Energy, and the National Conference of

State Legislatures. Concord. Franklin Pierce Law Center, 1979, 27 p. plus appendixes.
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dred million dollars for each of fiscal years 1979 and 1980 wasauthorized but never appropriated. Eligible projects are limited toexisting dams, only to projects for which necessary licenses andapprovals have been granted, and to projects having neither signifi-cant adverse effect on any other use of the water utilized by theproposed project." The availability of loan money is expected tostimulate owners and developers to undertake feasibility studies.To deal with ordinary caution or skepticism, an experience basefor modern small-scale hydro applications is required so that deci-sion makers can convince themselves of its advantages. The DOEthrough its Program Opportunity Notice is sharing with developers
the cost of rehabilitating existing dams for hydropower to.demon-strate that the concept is commercially viable (supra). The currentcenterpiece of the program is the Idaho Falls Demonstration proj-ect. The DOE is helping the city of Idaho Falls rebuild and expandthree hydroelectric dams damaged in the collapse of the TetonDam several years ago. The three dams were formerly rated at atotal of 7.4 Mw of installed capacity. When completed in late 1981,each will have an installed capacity of 8 Mw.

C. Commercialization

Because hydroelectric power technology is a mature technology
and is commercially available, and because the Federal smallhydro program in its present form is almost totally a commercial-
ization program, many of the activities mentioned below are al-ready underway.

In a 1978 DOE report, the Federal effort in commercialization
was characterized as providing a push to get economically feasibleprojects underway. At the same time, the program seeks to remove
barriers to commercialization in order to bring increasingly largernumbers of projects to a point of economic attractiveness. TheFederal commercialization strategy suggests a 5-year push, scaling
down to a small maintenance program by 1984. Several elementscomprise the commercialization profile, as discussed below.' 2

1. TECHNICAL READINESS

Hydro technology is commercially available for deployment. Tur-bine/generator manufacturers and several specialty rehabilitation
companies stand ready to refurbish machinery at retired hydro
power dams having idle turbines and generators in place. Manufac-turing industries in the United States and abroad are prepared tofurnish conventional turbines, generators, equipment, and switch-ing/intertie gear for sites not previously used for hydro power.Packaged units have been extensively used overseas, and standard-
ized, preengineered turbomachinery packages have recently en-tered the U.S. marketplace (supra.). Increased competition amongconsultants and U.S. manufacturers might be beneficial in lower-ing costs. There is also a need for small hydro developers to work

" U.S. Congress. Committee of Conference. Public Utility Regulatory Policies Act; ConferenceReport to Accompany H.R. 4018. Oct. 6, 1978. [Washington, U.S. Government Printing Office]1979, p. 41-44. (95th Congress, 2d session. Senate. Report no. 95-1292.)
1 ,U.S. Department of Energy. Commercialization Strategy Report for Small-Scale Hydroelec-tric Power. Draft Report Prepared for DOE Overview of Technology Commercialization Assess-ment. November 1978. Washington, U.S. Government Printing Office, 1978, 23 p. (TID-28841.)
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with utilities to encourage support for the development of decen-
tralized sites. This is a problem with many other emerging renew-
able energy technologies, but hydro is likely to come online first
and may have to establish the necessary precedents. Cost reduc-
tions in civil works rehabilitation practices through development of
cost savings techniques are a necessary condition to commercializa-
tion. l 3

14

2. ECONOMICS AND FINANCING

Economics of small-scale hydro projects are highly site specific.
In addition to capital costs per installed kilowatt, critical variables
include capacity factor, head weight, size of installation, and sale
price of power produced. With regard to the last item, construction
of many small-scale hydro projects could be discouraged by low
prices they can command for the surplus power they generate. This
situation could be alleviated if investor owned utilities could be
persuaded to pay realistic fuel replacement costs for electricity,
and if levelized power purchase could be encouraged.' 5 Financial
barriers to small-scale hydro consist of high capital cost for con-
struction, a cash flow gap that exists in the early operating years
of many projects, and cost of undertaking feasibility studies. Vari-
ous information and technical programs are directed at establish-
ing cost-reducing technologies and practice (supra.). The Federal
commercial demonstration program could be used as a vehicle to
promote the use of standardized turbomachinery and civil works
cost reductions. Other Federal incentive programs might include
an investment tax credit for hydroequipment and structures.

For example, Title II, Sections 221 and 222, of the recently-passed
Crude Oil Windfall Profit Tax Act of 1980 (Public Law 96-223, 94
Stat. 229, Apr. 2, 1980) qualifies investments in hydroelectric gener-
ating facilities of less than 125 Mw installed capacity for an 11
percent business energy investment tax credit through December
31, 1985. This 11 percent energy tax credit is available both at sites
where there is no present generating capacity and at sites where
there is existing capacity. The amount taken into account as a
qualified investment is progressively reduced in accordance with a
credit cap phaseout formula as the installed generating capacity
increases from 25 to 125 Mw. At 125 Mw the energy credit is
phased out entirely. i6 Section 242 of the act exempts from Federal
income tax through 1985 the interest earned on industrial develop-
ment bonds (IDB's), the proceeds of which are used to finance
hydroelectric facilities of less than 125 Mw installed capacity.
Qualified facilities include sites where there is an existing dam or
sites at which electricity is to be generated without any dam or
impoundment of water. The cost of a qualified hydroelectric gener-
ating facility may be financed in its entirety with the proceeds
from tax exempt IDB's if the total installed capacity does not

3 Ibid.
14 Mitchell, Allan G. Pricing Electric Power From Small Hydro-electric Plants. Paper present-

ed to Conference on Current Federal Developments in Hydropower Licensing, Power Pricing,

and Financing. Washington, D.C., Feb. 19-20, 1980. National Alliance for Hydro-electric Energy,

Washington, D.C., 11 p.
11 Section 210 of the Public Utility Regulatory Policies Act (PURPA) of 1978 (Public Law 95-

617) now requires utilities to pay qualified small power producers the full costs avoided by

obtaining the energy from the small power producer. The PURPA regulations define the phrase

"avoided costs" as follows: "the incremental costs to an electric utility of electric energy or

capacity or both which, but for the purchase of from a qualifying facility or facilities, such

utility would generate itself or purchase from another source."

16 U.S. Congress. Committee of Conference. Crude Oil Windfall Profit Tax Act of 1980;

conference report to accompany H.R. 3919. Mar. 7, 1980. [Washington, U.S. Government Print-

ing Office] 1980, p. 35-38, 42, 125-128. (96th Congress, 2d session. House. Report No. 96-817.)
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exceed 25 Mw. However, the maximum amount of bond proceeds
that can be committed to finance a qualified facility is limited in a
manner similar to the tax credit cap by a phaseout formula as the
installed capacity increases from 25 to 125 Mw. At 125 Mw, the
project is no longer eligible for tax-exempt IDB financing. 17

Capital intensive, low-operating cost projects tend to generate
low cash flow in early years of operation. Cash flow increases as
the sales price of power escalates, but for many projects cash flow
could be inadequate to handle interest requirements at the outset
of commercial operations. A loan guaranty program could be de-
signed to resolve early cash flow deficits. Such a program would
allow the developer to finance a project with a loan sufficiently in
excess of project requirements in order to meet interest obligations
in the early operating years of the project. The Federal Govern-
ment would guarantee the loan and interest payments. Because the
power sales of a given project tend to increase, most default situa-
tions would tend to be self-correcting. Finally, though many proj-
ects could be inhibited by inability or unwillingness to spend more
or less than $60,000 for a feasibility study, the DOE grant program
to provide financial assistance for feasibility studies proved effec-
tive in fiscal year 1978. Furthermore, the 90 percent feasibility
studies loan program mandated in the Public Utility Regulatory
Policies Act of 1978 (supra) was implemented February 19, 1980,
with publication of the final rules in the Federal Register.'s

3. ENVIRONMENTAL READINESS

Conflicts exist between the best use for small hydro (peak load
production) and environmental impacts of such use (reservoir fluc-
tuations and downstream surges). Many developers are planning
run-of-the-river modes for existing dams to avoid this conflict, but
economic pressures may dictate modifications to increase head
and/or to design for some peak power capability. The environmen-
tal conflicts associated with new site development are well docu-
mented.19 20 21 However, it is not established that the environmental
consequences of low-head development are as severe as those asso-
ciated with the construction of large, high-head power dams. Anal-
ysis is needed to establish the relative impact of low and high dams
(existing and new) and the relative impacts of existing dams and
new hydro sites versus other energy supply options. Legislation
exempting existing dams where no flow regime changes are pro-
posed could be desirable. The question of fish passage is also an
area of major concern. Solutions to this problem could include
methods incorporated into the dam structures, such as fish ladders
or fish elevators.

4. INSTITUTIONAL STATUS
Current institutional factors which inhibit further development

include a lengthy licensing process and reluctance on the part of

7 Ibid., pp. 59-62,148-151.
,S Loans for Small Hydroelectric Power Project Feasibility Studies and Related Licensing: 10CFR Part 797. Federal Register, v. 45, no. 12, Tan. 17, 1980: 3538-3549.
'9U.S. Dept. of Energy. Small Scale Low Head Hydro. Environmental Readiness Document.Washington, 1978,16 p. plus appendixes (DOE/ERD-0009.)
0 See, generally, Waterpower '79: An International Symposium on the Potential of Small ScaleHydropower. Washington, D.C. Oct. 1-3,1979. Washington, U.S. Dept. of Energy and U.S. ArmyCorps of Engineers [proceedings in press].

21See, generally, Hydropower: A National Energy Resource. Proceedings of an EngineeringFoundation Conference. Easton, Maryland, Mar. 11-16,1979. New York, Engineering Foundation,1980, 365 p.
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large utilities to bother with the purchase of small-capacity outputs
of private or municipal producers. The Federal Energy Regulatory
Commission (FERC) has jurisdiction over almost all hydroelectric
projects, and numerous Federal and State permits are necessary to
receive a FERC license. The FERC has developed a simplified
licensing procedure for projects up to 1.5 Mw and is currently
engaged in shortening the licensing procedure for projects between
1.5 Mw and 15 Mw. Extramurally, FERC is working with other
Federal agencies as well as State agencies to simplify their require-
ments and accelerate approval procedures for hydro project appli-
cations. In addition to the many Federal agencies involved in the
permit process, developers may have a long legal maze to get
through at the State level, and requirements for compliance in
certain States have been characterized as an absolute nightmare.
One possible solution to the multiagency tangle may lie in the kind
of one-stop shopping program developed in Massachusetts, where
the State Energy Office has taken the lead in permitting small
hydro projects, with all other agencies required to provide their
inputs through that office.22

In the matter of utility attitudes, there is a reluctance to connect
to small, decentralized supply sources. There are also questions
about the rate-base effects of sites developed by private interests.
Some resistance is encountered to paying fair market prices for
hydropower produced, and sold into the gtid, because of the inter-
mittent nature of the power at sites with little or no storage
capacity. There is concern about transmission system stability for
networks with a large intermittent and decentralized supply com-
ponent. 23 Studies might be planned to develop justification for plac-
ing a higher value on electricity from hydropower. If the electrictiy
were used for peaking it would have a higher value, particularly
under avoided cost purchasing. Certain of these situations could
also be corrected by legislative action through amendments to the
Federal Power Act.

5. INFORMATION TRANSFER

It is important for potential developers to understand the tech-
nology, economics and incentives for using small-scale hydro. Infor-
mation transfer concerning state-of-the-art and Federal activities is
critical to achieving such understanding. The DOE has sponsored
several workshops including an international hydropower confer-
ence to promote information transfer and to share the knowledge
and experience of U.S., and foreign developers. 2 4

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY

IMPLEMENTATION

A number of regions in the United States would appear blessed
with ideal circumstances-both unused dams and adequate water.
But this combination does not necessarily make hydropower the
answer. There exists considerations of engineering, economic, fi-

2. Low-Head Hydro Lures $1-Billion Marketr, p. 20.
21 Mitchell, Allan G. Pricing Electric Power From Small Hydroelectric Plants, p. 1-3.

24 Waterpower '79. An International Conference on the Potential of Small-Scale Hydropower.

Co-sponsored by the U.S. Department of Energy and the U.S. Army Corps of Engineers. Wash-

ington, D.C., Oct. 1-3, 1979.
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nancial and environmental feasibility; competitive use of waterimpounded by. existing dams; and many institutional and legalproblems which could place limits on the amount of hydropowerpotential to be realized.

A. Technical

1. ENGINEERING CONSIDERATIONS

Factors relevant to this consideration include engineering tech-niques for designing small power houses and standardized low-head/low flow turbines and generators. The renewed interest insmall-dam power is creating a market for new generating equip-ment that could result in $1 billion worth of projects in the nearterm.25 Until recently, the small "bulb" turbines whose compactbulb-shaped housing makes them ideal for small-dam powerhouseinstallations,-were not manufactured in the United States. In abulb turbine/generator, the bulb-encased generator is placed under-water with the turbine, eliminating the expense of separate gener-ator housings. The reason for the low level of U.S. design andmanufacturing activity was the lack. of interest in and demand forsmall-scale hydropower prior to recent fossil fuel price increases.Now several U.S. companies are tooling tip to produce bulb tur-bines.2 6
2. RESOURCE AVAILABILITY

The capacity available from run-of-the-river hydroelectric plantswill vary throughout the year. Typically, water flow rates reach amaximum during the spring run-off and a minimum either duringthe heat of summer or when the surface water is frozen and cannotflow. Unfortunately, the times of peak demand for electrical energyoccur during the summer (air conditioning load) or the winter(lighting and heating load). A run-of-the-river plant having nopondage might be unavailable to a utility due to low water condi-tions during the utility's peak demand season. Therefore, if theelectric utility cannot rely on the capacity during the period ofpeak demand, fossil-fueled capacity will be required, in addition tothe hydro units, to meet the peak demand. This consideration couldreduce the value of run-of-the-river plants to a utility.
If the hydro plant is owned by a private corporation rather thana utility, the private owner reaps all the benefits of low cost powerwhen the water flow is available but must turn to the utility forback-up power when the water flow is unavailable. The utility getsnone of the benefits of the hydro plant but may still need to installfossil-fueled capacity to meet the power demand of the hydro plantowner during the season of minimum water flow. If this seasoncoincides with the utility's peak- demand season, the cost impact onthe utility and indirectly on the customers of the utility could beimportant. One method for dealing with seasonal variability of the

25 Low-Head Hydro Lures $1-Billion Market, p. 20.
26 The Allis Chalmers Corp. of Milwaukde, The Nation's largest producer of turbines, hasdeveloped a line of new turbines specifically suited for generation power at small dam sites (upto 50-foot heads and up to 5 Mw capacity), and an engneering subsidia of Morrison-Knudsen

Company is participating with the Government in the installation of bulb turbines at threeIdaho dam sites. Other companies include: Hydro Energy Systems, Inc., New York, N.Y.;General Electric Co., Schenectady, N.Y.; TAMS, New York, N.Y.; Tampella USA, Inc., NewYork, N.Y.; Worthington Pump, Inc., Mountainside, N.J.; Bofors-Nohob, Inc., New York, N.Y.;the James Leffel and Co., Springfield, Ohio; Chas. T. Main, Inc., Boston, Mass.



304

water flow to run-of-the-river plants is to control the river, with
perhaps a single dam upstream creating an associated reservoir.27

3. REHABILITATION CONSTRAINTS

Many of the dams included as potential power producers are old
and may be in need of extensive rehabilitation. Nearly two-thirds
of the dams in New England, for instance, were built before 1931.
Reservoir storage capacity is also a function of the age of a dam,
where high siltation rates may alter effective storage capacity and
regulation capability.

4. NETWORK TECHNOLOGY CONSIDERATIONS

It is difficult for a utility engineer to design power plants and
power transmission systems capable of meeting demand for elec-
tricity if a substantial part of the capacity is subject to the vagaries
of nature. High speed computers and complex system interties are
essential in matching demand with supply, but even in a system
dominated by large steam electric plants where fuel inputs can be
completely controlled, occasional shortfalls occur and may be diffi-
cult to adjust for. One of the postulated advantages of distributed
energy systems is the location of the energy source close to the
energy demand, which reduces transmission losses and costs and
increases flexibility in the system's operations. Yet network consid-
erations are absolutely essential because there is no guarantee that
hydro sites, run-of-the-river or otherwise, will be available in the
vicinity of energy demand, and operating a series of dams as a
system to level the load and increase the potential of each individu-
al dam may be necessary.28

B. Economic

The cost factor in small-scale hydropower is complicated by the
fact that each site has unique streamflow and construction cost
characteristics, i.e., the economics are highly site specific. Esti-
mates of the per kilowatt cost of small-scale hydroelectric genera-
tion range from $700 to $2,600 per kilowatt of installed capacity,
with a median range of $1,200 to $2,000 per kilowatt and energy
costs running in the neighborhood of 30 mills per kilowatt-hour.2 9

Proponents of small dams maintain that they represent an eco-
nomical alternative to oil as a fuel for generating electricity, and
generalizations are possible with respect to the relative economic
and resource efficiency for hydropower. In terms of economic effi-
ciency, hydropower has several general inherent advantages over
thermal power. The useful life of structures is two to three times
longer than thermal plants and equipment, hydropower consumes
no fuel (a major cost item of thermal power generation), operation
and maintenance costs are lower because powerhouse equipment is

27 Run-of-the-River Hydroelectric Power Generation. In Distributed Energy Systems. Draft

Final Report Prepared for the U.S. Department of Energy by Arthur D. Little, Inc., p. 5-12, 5-

13.
28[bid., p. 5-13.
29 U.S. Department of Energy. Commercialization Strategy Report for Small-Scale Hydroelec-

tric Power, p. 1-4.
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less complex, and hydropower is capable of almost instantaneous
response to increased load demands.

Historically, these inherent advantages have been offset by thefact that initial investment costs per unit of capacity have been
greater for hydropower than for thermal plants and related equip-ment. Consequently, the utility industry had contended that large,centralized generating stations provide cheaper electricity thanwould hundreds of small dams. But this advantage is now beingnarrowed by the sharp increases in fuel costs and investment costsassociated with the siting and construction of fossil fuel and nucle-ar plants, including acquisition and operating cost increases for airand water pollution control equipment.

The cost of operating plants is often cited as the reason why so
many small run-of-the-river hydrogenerators were shut down inthe past. Before the equipment became available to control thehydroplants remotely, it was necessary to have plant operators onsite 24 hours a day in order to take full advantage of the available
water. Thus, it cost about the same amount to operate the smaller
plants as to run the larger thermal plants. When the cost of fuelsfor fossil plants was lower than it is now, the total cost per kwh ofoperating the larger fossil-fueled plant (including fuel) could belower than the total cost per kwh of running the small hydroplant. Remote control systems now allow one operator to control
several hydro plants from a single location. Thus, the cost of oper-ating a small section is no longer the predominant factor militating
against the economic desirability of small hydropower plants.

The traditional advantage of steam-electric power may be nar-rowed, and perhaps reversed, for hydropower development at exist-ing dams, since the capital cost of constructing the dam has al-ready been made. However, in the case of hydropower development
at existing dams, the assumption of zero cost for the "fuel" (water)
which powers the turbines may not be applicable in all cases,particularly where existing reservoir storage capacity could be cur-rently committed to some productive or socially important pur-
pose. 3 0 3 ' 3 2

C. Environmental

The environmental aspects of hydropower developments can vary
significantly from site to site, and each installation should be eval-uated independently. The construction of new dams can result in
erosion, dust, and other discharges that may contribute to down-stream siltation and pollution. Existing dams which have been inplace a long time have achieved ecological equilibrium, and theinstallation of new generating equipment at existing dams avoids
most of the impacts associated with construction of a new dam. Thebest retrofit condition, from an ecological point of view, would
involve a simple rerouting of normal reservoir discharge through aturbine. This is identical to a run-of-the-river mode of operation.
However, the most economically efficient use of many hydropower
dams would be for peak load power, where the reservoir is essen-tially the hydraulic equivalent of a storage battery which accumu-

3°Kassler, Helen S. Power From the Streams. Solar Age, v. 3, July 1978: 17, p. 5-i11.
3" U.S. Department of the Army. Corps of Engineers. Institute for Water Resources. Estimatesof National Hydroelectric Power Potential at Existing Dams. A Report Submitted to the Presi-dent of the United States. Washington, July 20, 1977, p. 14.
32 A. D. Little, Inc. Run-of-the-River Hydroelectric Power Generation, pp. 5-11.
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lates energy most of the time and is rapidly dumped during periods
of peak energy demand. Where an existing small dam does not
have sufficient storage for peak load operation, it would have to be
used in a run-of-the-river mode. But dams with a peak power
capability, if converted to such use, would be subject to frequent
filling and draw-down of their reservoirs with attendant large vari-
ations in downstream flows which might cause environmental, eco-
logical and aesthetic impact. Environmental impacts of small peak
load hydropower plants could be highly localized and relatively
insignificant, but comprehensive analyses are indicated before the
economic and environmental trade-offs of peak power generation
can be determined.33 34

D. Social

1. COMPETING USE WITH EXISTING RESERVOIR SPACE

The utilization of hydropower at particular sites may be incon-
sistent and incompatible with other important water and adjacent
land uses. Reservoir space is used to store municipal, industrial,
and agricultural water supplies, for navigation, flood control, water
quality control, and recreation. Large fluctuations in releases
through a dam to meet peak power demands could conflict with
recreational objectives, both above and below the dam. Similarly,
removing large amounts of water from a river or reservoir for
irrigation during the dry season at a point upstream from a hydro
plant would reduce the dependable stream capacity of the plant
during that period of time. Also, reservoir space reserved for flood
waters cannot be used during flood season to simultaneously store
water for hydropower, and water rights, like mineral rights, are
bought and sold. The water at potential hydropower sites may now
be owned by institutions which may expect to use the water for
purposes which would eliminate the power generating potential at
downstream sites. Furthermore, since a reservoir may be associated
with a hydropower project with attendant flooding of lands behind
the dam, land use conflicts and trade-offs may have to be taken
into account. On the other hand, some uses are not competitive, as
in the case of reservoir releases for downstream water quality
control which can be passed through a turbine without loss of
function.3 36

E. Political

The vast majority of existing small dams are owned by State and
local governments, by public and private utilities, by industries and
private corporations, and by individuals. The current owners may
be using the dams for purposes that would be incompatible with
hydropower generation. There are lengthy license and permit pro-
cedures to follow, time-consuming environmental impact state-
ments to be prepared, and, in some jurisdictions, complicated water
rights and utility rate tax structures to be dealt with.

The Federal Energy Regulatory Commission has amended its
rules to simplify application procedures for hydroelectric power

" U.S. Department of the Army. Corps of Engineers. Institute for Water Resources. Estimate

of National Hydroelectric Power Potential at Existing Dams, p. 16.

"A. D. Little, Inc. Run-of-the-River Hydroelectric Power Generation, p. 5-15.

"Ibid.
"U.S. Department of the Army. Corps of Engineers. Institute for Water Resources. Estimate

of National Hydroelectric Power Potential at Existing Dams, pp. 14, 15.
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project preliminary permits and licenses for projects which havegenerating capacities of 1.5 Mw or less, a dam no more than 25 feethigh, and a reservoir with a surface area no larger than ten acres.The new rules established a short form license for these minorwater projects and a new application form with accompanyinginstructions. This rule-making, and two subsequent rule-makingprocedures-one applicable to projects which have a capacity great-er than 1.5 Mw and where a dam and reservoir already exist, andthe other applicable to major projects involving new dams andreservoirs-will complete the FERC reform program. The Commis-sion issued a notice of proposed rule making on April 19, 1979,related to hydro projects which utilize existing dams and reser-voirs. A final rule in that proceeding was published in December1979. Proposed regulations relating to major new (unconstructed)projects are anticipated.37

IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990
In a prospectus for small-scale hydropower, DOE stated that itsgoal was to bring outline up to 1,000 Mw of additional low-headcapacity by 1985 and, hopefully, to encourage development of20,000 Mw by the year 2000. Realistically, the Department expectsits loan programs in low-head hydropower to result in completedprojects amounting to 300 Mw of additional online capacity by1985, taking into account study, licensing, and construction time. Itis assumed that these completed projects might generate, through ahalo effect, at least 300 Mw at existing dams redeveloped independ-ent of Government incentive programs. This raises the added 1985online capacity to in excess of 600 Mw.38

B. Contribution by 2000 or Beyond
DOE estimates that small hydro's market penetration mayachieve almost six billion kwh in 1985, about 30 billion kwh in1990, and about 90 billion kwh in 2000. Assuming a 55 percentcapacity factor, this electricity generation would correspond to thefollowing installed capacities: 1,200 Mw in 1985, 6,000 Mw in 1990,and 18,900 in 2000.39

"Federal Energy Regulatory Commission. FERC Approves Simplified Application Proceduresfor Hydro Project Preliminary Permits, Licenses. News Release. Oct. 18, 1979, 1 p. (FE-732)." U.S. Congress. House. Committee on Appropriations. Subcommittee on Energy and WaterDevelopment. Energy and Water Development Appropriations for 1980. Hearings 96th Congress,lst session. Part 6, Department of Energy. Washington, U.S. Govt. Print. Off., 1979, pp. 1068,19, 1196.
3d U.S. Department of Energy. Commercialization Strategy Report for Small-Scale Hydroelec-tric Power, pp. 4-6.



OCEAN THERMAL ENERGY CONVERSION*

I. SURVEY OF THE CURRENT SITUATION

The ocean environment offers unique sources of energy, holding
out promise for augmenting conventional energy sources and for
reducing dependence on imported fuels. In this regard, interest has
turned to an investigation of the renewable energy resource poten-
tial of the world ocean and the significance of the role it could play
in adding a useful increment to U.S. energy requirements. Among
the sources of renewable energy from the ocean are the temperature
differences that exist between warm surface water and cold deep
ocean water.

A. Description of the Technology

In 1881, French physicist Arsene D'Arsonval noted that a heat
engine could be built to operate on the temperature differences
between surface and deep ocean water. Credit also belongs to the
American engineer Campbell who proposed the utilization of ocean
thermal energy to produce power, employing a liquified gas (e.g.,
ammonia, carbon dioxide, methyl chloride) as an intermediate
working fluid.'

Thermal-to-electrical energy conversion in the ocean can be ac-
complished in two ways. First, sea water can be used as a "working
fluid" in a method known as the "open cycle" whereby warm
surface water is flash evaporated under a partial vacuum. The
steam thus produced passes through and propels a turbine, and is
later cooled in a condenser using cold sea water pumped up from
the depths. The French engineer, Georges Claude, conducted ex-
periments using this scheme in the early 1930s at a land-based test
facility constructed on the coast of Matanzas Bay, Cuba, followed
by an unsuccessful demonstration of a floating plant concept on
board a converted cargo ship sited in deep water off the coast of
Brazil. Variations of the open cycle, known as "lift cycles," are also
being studied.

While Claude's open cycle process continues to receive study
because of its inherent simplicity and avoidance of possible ecologi-
cal problems resulting from use of other working fluids, a second
method-known as the "closed conversion cycle'-is preferred by
contemporary workers because it is believed to present the best
solution on the basis of thermal performance, technical risk, avail-
ability of essentially off-the-shelf components, and the highest prob-
ability of early commercialization. Here, a secondary working fluid,
such as ammonia, propane, or Freon-type refrigerant is vaporized
and recondensed in a closed loop to drive a turbine. Warm sea
water is drawn from the ocean surface and pumped through heat
exchangers wherein the secondary working fluid is vaporized; the
working fluid then expands and emerges as a high pressure vapor
to drive the turbine. From the turbine, exhaust vapor flows to a

'Prepared by John R. Justus, specialist in earth sciences.
XSee: Engineering News, Aug. 7, 1913.

(308)



309

condenser where it returns to the liquid phase as it is cooled bycold sea water.

B. Known Resources and Reserves
The ocean thermal energy resource base is estimated to be of theorder of 108-1010 (100 million to 10 billion) megawatts (Mw). Envi-ronmental consequences relating to a cooling of ocean surfacewaters could dictate an upper limit on ocean thermal energy con-version (OTEC) at about the 107 (10 million) Mw level, with theportion of that power theoretically extractable through an efficien-cy determined by the Carnot cycle of heat engines at about 105 (0.1million) megawatts electric (Mwe). This represents an upper limit

on the potential power capacity of this resource, and certainly onlya small percentage of this calculated potential would ever actuallybe utilized. A detailed account of the range and limitation of theocean thermal resource base is found in the Congressional Re-search Service study, Energy From the Ocean.2 Both coasts ofAfrica, the tropical west and southeastern coasts of the Americas,and many Caribbean and Pacific islands are situated where adja-cent waters possess the year-round thermal characteristics required
for operation of an OTEC power cycle. Potential areas of deploy-ment for the United. States include: Gulf Stream waters off theU.S. southeast coast, the Gulf of Mexico, Puerto Rico, the VirginIslands, Hawaii, Guam, Micronesia, and American Samoa.

C. Current Contribution to US. Energy Supplies
At present there is no online OTEC generating capacity.

D. State-of-the-Art

Conversion, through an ocean thermal difference machine, of theocean's thermal energy to electrical energy is not a new concept,but a full-scale ocean thermal power plant has yet to be built andoperated successfully over a long period. Schemes for generating
power from sea-thermal gradients are, for the most part, based onextant technology and envision either partially submerged ocean-based .platforms, high seas plant ships, or -stationary nearshoreplatforms. Several proof-of-concept,-baseline designs have emergedinvolving state-of-the-practice technology employing concepts, ma-terials,. and industrial processes currently known to industry. Stillother plant concepts are predicated upon innovations in heat ex-changer technology, hull design, and plant fabrication.

E. Current Research and Development

1. DOMESTIC

* A Federal OTEC development initiative began in 1972, under theauspices of the National Science.Foundation-s Research Applied to
2 Justus, John R. Ocean Thermal -Energy. Conversion. Appears in Energy from the Ocean.-Report prepared by the Science Policy Research Division, Congressional Research Service,Library of Congress for the Subcommittee on Advanced Energy Technologies and Energy Con-servation Research, Development and Demonstration of the Committee on Science and Technol-ogy, U.S. House of Representatives. 95th Congress, 2d session (committee print). April 1978.Washington, U.S. Government Printing Office, 1978, pp. 25-28.
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National Needs Program (NSF/RANN), as one of the six solar
technologies constituting the original U.S. solar energy research
and development effort. Those technologies were selected as being
options that could each potentially provide a substantial contribu-
tion to the Nation's energy needs by the turn of the century. When
the Energy Research and Development Administration (ERDA) was
established on January 19, 1975, the lead role in solar energy was
transferred from NSF to ERDA. This responsibility now resides
with the Cabinet-level U.S. Department of Energy (DOE), estab-
lished by Public Law 95-91 and officially activated October 1, 1977
(Executive Order 12009). The following table lists OTEC appropri-
ations for fiscal year 1972 through fiscal year 1980.

TABLE 11.-OTEC appropriations

Fiscal year: Thousands
1972 . $85
1973 .230
1974 .730
1975 . 2,955
1976 .8,585
1977 .13,500
1978 .36,000
1979 .38,200
1980 . 43,000

In fiscal year 1981, $39.0 million was appropriated to continue
the program.Although OTEC program management is the prime responsibili-
ty of the Department of Energy, it involves other Federal agencies,
as well as university and industrial contractors. Both the Depart-
ment of Commerce and the U.S. Navy are participants. So are the
DOE's Argonne, Lawrence Berkeley, and Oak Ridge Laboratories,
as well as the DOE's Solar Energy Research Institute.

In the first phase of the development program, small-scale OTEC
heat exchanges-up to 1 Mw thermal (approximately 25 kilowatts
electric)-were designed and tested to gain an understanding of
thermal performance and related biofouling (fouling cuased by
growth of marine organisms), cleaning, and corrosion of heat ex-
changer surfaces. In the second phase, now under way, a T-2
tanker was refitted for deployment in mid calendar year 1980 as a
1-Mwe test facility called OTEC-1. Five candidate heat exchanger
designs and other large-scale systems components will be tested at
sea and their performance evaluated. In the third phase a pilot
plant is planned so that performance and reliability data can be
obtained from a complete 10 to 40 Mwe system. Conceptual designs
for such a plant have been considered in spar-buoy, ship, and land-
based configurations. In addition to providing technical perform-
ance data, the pilot plant will allow a more accurate projection of
costs for commercial OTEC power plants in the 100 to 400 Mwe
range. The primary goal of the pilot plant program is the genera-
tion of electricity at a sufficient scale to convince potential users
that large commercial OTEC power plants are feasible in U.S.
mainland electric applications, or that smaller units (40 to 50 Mwe)
represent a competitive alternative for the generation of base-load
electricity for U.S. islands.3

4

3 Cohen, Robert. Energy From Thermal Gradients. Oceanus, v. 22, no. 4, Winter 1979/80: 17.
4 Rumbaugh, Jeffrey H., et al. Thermal Energy Conversion: Tapping the Sea Depths. IEEE

Spectrum, v. 16, August 1979: 42.
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2. FOREIGN

French scientists currently have a three-phase program coordi-
nated by the Centre National pour l'Exploitation des Oceans,
begun in 1978. The first phase, which ended in 1979, was a $1.8
million feasibility study for a 10-Mwe generating plant. The second
phase runs through 1982 and calls for the selection of a specific
working system and testing of major components. The suggested
budget for this phase is about $5 million. The third phase involves
construction of a demonstration plant in 1985 at a projected cost of
up to $30 million.

Elsewhere in Europe, most interest centers on the efforts of
EUROCEAN, a consortium of 25 industrial companies from 9 coun-
tries.5 In Brussels in February 1979, a EUROCEAN OTEC group
was organized and included the following eight member companies:
Alfa-Laval, Johnson Group, Kockums and Vattenbyggnadsbyram
(Sweden); Banque Europeenne de Credit (Belgium); Hollandsche
Beton Group (the Netherlands); Micoperi and Tecoromare (Italy).
Funds for development of a 10 Mwe closed cycle plant were re-
quested from the governments of Sweden, the Netherlands, and
Italy. Plans call for about $50 million to be spent over a five-year
period. A related project calls for a combined aquaculture/OTEC/
desalination plant.

Japanese development of OTEC began in 1970 with technical and
economic evaluations of the concept. Since 1974, the emphasis has
been on a 1.5 Mwe, land-based, experimental station. However, anocean-sited demonstration plant with an output of 100 Mwe has
been under development since 1975. In both cases the working fluid
is ammonia, although other working fluids have been proposed.
Considerable effort has been expended in their program on heat
exchanger design and the identification of thermal and chemical
pollution that might result from OTEC operations. The immediate
future in Japan's OTEC development calls for the design and test-
ing of a 1.5 Mwe, barge-mounted plant operating with ammonia
across a temperature difference of 20 degrees C (36 degrees F).Commercialization is anticipated in the 1990 time frame.6 7 8

II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development
While proof-of-concept design studies have been completed using

state-of-the-art technology, and although OTEC operating princi-
ples are well documented, both closed and open cycle systems do
pose complex engineering and cost problems. Major analyses and
studies conducted in the latter half of the 1970s have formed the
basis for a large body of continually evolving research, analysis,
and review of OTEC technology and its applications. The total
available information and the complexity of the national OTEC
research program have changed rapidly with quick progress from
paper and laboratory studies to testing of hardware of significant

5 Belgium, France, Great Britain, Italy, the Netherlands, Norway, Spain, Sweden, and Swit-zerland.
6

Notes from Sixth OTEC Conference. Washington, D.C., June 19-22, 1979.
'The French program is reviewed in the December 1978 issue of Solar/Ocean Energy Liaisonnewsletter, the Japanese program in the September 1978 and June 1979 issues, and theEUROCEAN program in the June 1979 issue.
I OTEC Projects Promise Electricity by 1990s. Chemical and Engineering News, July 16, 1979:25-26.
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sizes in both land and sea environments. Important test results
have been obtained regarding thermal performance of OTEC heat
exchangers and related biofouling, cleaning, and corrosion of heat
exchanger surfaces. Principal investigators point out that refine-
ment, optimization, and further engineering development are
needed in several key areas in order to adapt the technology for
economically competitive applications. Major studies are being con-
ducted on power subsystems integration; platform/hull configura-
tion; submarine electrical transmission cables; design, fabrication
and deployment of the pipe required for cold water intake; long-
term effectivenes of biofouling countermeasures in cleaning heat
exchanger surfaces; alternatives to the ammonia vapor closed
power cycle; -and possible environmental effects of and on OTEC
subsystems.9

B. Demonstration

Based on engineering development and advanced research and
technology activities, major integrated power cycle systems are
scheduled for testing on board OTEC-1, an ocean-going engineering
test facility, and in OTEC modular experiments. Accumulated test
data will be utilized in studies to project cost data for baseline
designs of commercial OTEC systems to help determine optimum
configurations for OTEC demonstration efforts. The modular ex-
periments will provide for the building and operation of power
plants about 10 Mwe in size during the mild 1980s. The results of
these modular experiments' will- be made available to interested
utility and industrial-user groups in order to aid the commercial-
ization process. 'O

The first test of an ocean thermal energy conversion cycle began
August 2, 1979, off Ke-Ahole Point, Hawaii. A closed ammonia
power cycle was employed in Mini-OTEC, an experimental 50 kilo-
watt electric (kwe) gross power, barge-mounted ocean thermal
power plant assembled from off-the-shelf components. The plant-
not an optimized system-tested key power system components
under ocean conditions, while producing approximately 10 kwe of
net power. About 40 kilowatts of the 50-kilowatt capacity went to
run the plant's -pumps and other operating equipment; the remain-
der powered test equipment on-board; no energy was transmitted to
shore. Three million dollars in funding was shared by the State of
Hawaii and a consortium of three corporations, and the plant was
-operated for the State of Hawaii by the Hawaii Natural Energy
Institute, affiliated with the University of Hawaii." l 12

An unsolicited proposal to construct and operate a 40-Mwe OTEC
pilot plant ship was submitted to the DOE by a group of ammonia
producers in conjunction with a number of agrochemical companies
and a major U.S. shipyard.. Plans for the construction of a high
seas OTEC plant ship, which would produce onboard about 125 tons
of ammonia per day, were summarized- in testimony before the
-House Subcommittee on Oceanography and the Senate Subcommit-

90ffice of Solar, Geothermal, Electric, and Storage Systems. Ocean Systems Program Sum-
mary. Washington, U.S. Department of Energy, 1979, pp. 7-24. (DOE/ET-0083).

' Ibid., pp. 7-8.
" White, Hank. Mini-OTEC: She Runs. Ocean Industry v. 14, no. 11, November 1979: 78-82.
2The three corporations are Lockheed Missiles and Space Company, Dillingham Corporation

(A major Hawaii-based engineering and construction firm), and Alfa-Laval (a heat exchanger
manufacturer).
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tee on Energy Research and Development. 13 Details concerningsubmittal to DOE of an unsolicited Utility Site Support proposalfor an OTEC demonstration facility also were outlined at thesehearings. 1 4

C. Commercialization
The stated objective of the U.S. OTEC development program is todemonstrate to industries and utilities the technical performance,reliability, and cost-effectiveness of OTEC systems in order to add auseful increment to U.S. energy supplies. The achievement of thisgoal requires both a favorable economic environment as well as therefinement of the technology. Many advocates believe that whenthe technology is made cost competitive, market forces will ensurethat a substantial supply will develop naturally. Consequently,

there is a preoccupation with cost comparisons-capital costs ($1kw) and unit energy costs (mills/kwh). Current appraisals havetended to suggest that this is an oversimplification which disre-gards other economic variables such as lead time, domestic andinternational policy decisions, the availability of resources, andother realities of the market decision-making process.' 5 Until oper-ational experience is obtained and economic performance can beverified through large-scale commercial demonstrations of OTECtechnology, investment uncertainty will continue to exist. Assum-ing that the Federal Government does not intend to own andoperate OTEC systems directly, the critical factor is whether theprivate and public sectors will raise the necessary capital andundertake the construction and operation of OTEC plants. In ad-vance of economic competitiveness, a suitable economic environ-ment might be created or artificially stimulated. If investmentopportunity were not adequate, then a package of stimulating in-centives might be considered, such as a combination of loan guar-antees, low-interest loans, investment tax credits, and cost-sharingarrangements. 1 6
Many factors are involved in OTEC commercialization beyondquestions of technical and economic viability. Financing of OTECplants must be obtained: it is yet to be determined who will be the

'3Under the leadership of Devco International, Inc. of Tulsa, Oklahoma, elements of theammonia industry formed the Solar Ammonia Co., SOLARAMCO, to make the offer to DOE, inconjunction with Pullman Kellogg Co. and Avondale Shipyards. However, the DOE declined the
'4The proposal for construction and operation of a demonstration facility in partnership withDOE was submitted by Puerto Rico and contains a detailed plan for both Federal governmentand utility (Puerto Rico Water Resources Authority and OTEC Utility Users Council) participa-tion. The government of Hawaii has also made an offer to DOE to share costs in the develop-ment of an OTEC pilot plant. Senate hearings were held Oct. 15, 1979; see U.S. Congress.Senate. Committee on Energy and Natural Resources. Subcommittee on Energy Research andDevelopment. Ocean Thermal Energy Conversion Research, Development, and DemonstrationAct. Hearing, 96th Congress, 1st Session, on S. 1830. Washington, U.S. Govt. Print. Off., 1980,121 p. House hearings held Jun. 21, Sept. 20, 1979; Jan. 30, 31, and Feb. 27, 1980; see U.S.Congress. House. Committee on Merchant Marine and Fisheries. Subcommittee on Oceanog-raphy and Subcommittee on Merchant Marine. Ocean Thermal Energy Conversion. Hearings,96th Congress, on OTEC Oversight and on Ocean Thermal Energy Conversion Act of 1980-H.R.6154. Washington, U.S. Government Printing Office, 1980, 495 p.

'5 Naef, Frederick E. Economic Aspects of Ocean Thermal Energy Conversion. In Proceedingsof Joint Conference on Sharing the bun, Solar Technology in the Seventies. K. E. Boer, editor.American Section, International Solar Energy Society and Solar Energy Society of Canada, Inc.Winnipeg, Aug. 15-20, 1976. Vol. 5, Solar Thermal and Ocean Thermal. Cape Canaveral, Florida,American Section of the International Solar Energy Society, 1976. Pp. 393-411.16 Title 11 section 221 of the Crude Oil Windfall Profit Tax Act of 1980 (Public Law 96-223)provides a 15 percent nonrefundable business energy investment tax credit for equipment usedto convert ocean thermal energy into electrical energy or another form of usable energy. Thecredit is allowed through Dec. 31, 1985, for qualifying equipment at two locations to be designat-ed by the Secretary of the Treasury after consultation with the Secretary of Energy.
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owners or operators. Candidates include consortia of industries,
utilities, and shipowners; leverage-lease financing is another possi-
bility. Thus centralized OTEC facilities might be subject to decen-
tralized control.

Operation of OTEC power plants and ships in the Economic
Zones 1'7 of coastal nations and in international waters may require
bilateral and multilateral agreements among nations. Along with
Government incentives, there may be a need to avoid regulatory
features that might discourage financial investments. The relative
attractiveness of OTEC as an investment opportunity, in an era
when the demand for capital might exceed its supply, may be a
strong factor in determining market penetration, perhaps
outweighing questions of cost-competitiveness. Under the auspices
of the Federal OTEC Program, investigations are proceeding on the
legal, policy, technical, and financial incentives or proper combina-
tion thereof that may be required to create or artificially stimulate
a suitable economic environment for investment in, and construc-
tion of, OTEC power plants.

Studies have been initiated on technical integration of OTEC-
derived electricity into electric energy networks by examining the
planning and scheduling operations of electric utility systems.
Until these issues are identified and settled, reliable estimates of
the value of OTEC are difficult to make. In order to identify
specifications for planning and scheduling operations of electric
utility systems, present planning tools and philosophies of electric
utilities will be tested against available OTEC baseline concepts.
Analyses are underway of OTEC applications and market potential
for OTEC products other than electricity. Although the electricity-
to-shore-via-cable option appears to be the OTEC application near-
est to being commercially competitive, it has been proposed that
the power generated be used on-site for energy intensive refining
and manufacturing processes on OTEC plant ships or at ocean
energy industrial complexes (OEIC's) when, at considerable dis-
tance from land, the transmission of electrical energy via under-
water cable becomes prohibitively expensive. Provided the electric-
ity is cheap enough to make a process economically feasible, the
on-site production of chemicals, the synthesis of methanol, and the
generation of hydrogen may have promising market potential. Also
associated with ocean thermal systems are the possible options of
producing food through mariculture, providing fresh water, and
extracting ocean minerals.' 8

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

A. Technical

Both closed and open-cycle OTEC systems hold promise for com-
mercial applications, However, researchers in the United States
regard the state of development of open-cycle technology as being
less advanced (by several years) than closed-cycle technology. Be-

" The Economic Zone, or Exclusive Economic Zone (EEZ) as it is frequently called, is an area
in which a coastal state has the exclusive right to explore and exploit the ocean resources lying
off its coast between 12 and 200 nautical miles.

18 Cohen, Robert. Energy From Ocean Thermal Gradients, pp. 17, 18, 21.
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cause of the need in the open cycle to harness the energy in low-pressure steam, extremely large turbines must be utilized, anddegasifiers must be employed to remove dissolved gases from thesea water. Recent open-cycle studies are encouraging, however, andpoint to cost-effective solutions to turbine and degasification prob-lems. 1 9
Closed-cycle power systems and their associated heat exchangerspresent several technical and cost challenges. The exchangers musttransfer heat cost-effectively, and there must be a viable way toprotect them against corrosion and biofouling layers, both of whichinhibit heat transfer. Extensive at-sea testing near Hawaii and inthe Gulf of Mexico has been underway for several years to estab-lish biofouling rates and countermeasures. Chemical, mechanical,and sonic techniques can be used for cleaning the sea-water side ofheat exchanger surfaces. The technical viability and cost of theheat -exchangers are key factors, since they can represent up tohalf the total plant investment.
Other OTEC subsystems present technical problems that alsomust be solved at reasonable cost. In particular, viable solutionsare being sought for designing and deploying OTEC cold waterpipes and submarine cables. Candidate cold water pipe materialsinclude fiberglass-reinforced plastic, elastomers, and lightweightconcrete. Pipe lengths of about 1,000 meters will be required, withdiameters of about 10 meters for a 40-Mwe power output. Subma-rine power cables rated at 100 Mwe or greater, including bottomand riser cables, will need to be designed to withstand unprecedent-ed electrical and mechanical stresses.
Various platform configurations have been considered for com-mercial OTEC power plants, including ship, submersible, and land-based designs, Possible impacts of the environment on plant designand operation and, where submarine cables are employed, sea-floorconditions between the plant and the shore need to be taken intoaccount. The ability to withstand severe weather conditions, forexample, may necessitate the use of a submarine design.20 21

B. Economic

Like most solar technologies, OTEC is capital-intensive, and thecapital cost of commercial OTEC power plants may be a crucialfactor in determining how competitive this source of energy will bein relation to other options. Based on available estimates, a reason-able target capital cost for the eighth OTEC production unit in the100 to 400 Mwe size range is projected to be about $2,600 perkilowatt. However, costs may well exceed the target by up to 40percent or may be lower by 20 percent. This estimate applies to the

'I See, generally, the papers in Session No. 9-Open-Cycle OTEC Power Systems and OTECCycle Innovations. Appearing in Ocean Thermal Energy for the '80s. Proceedings of the SixthOcean Thermal Energy Conversion Conference. Washington, D.C., June 19-22, 1979. Laurel,Applied Physics Laboratory/Johns Hopkins University and Washington, U.S. Department ofEnergy, 1980, v. 1, p. 9.1-9.11. (Conf-790631.)
2 Cohen, Robert. Energy From Thermal Gradients, pp. 15-17.
21Justus, John R. Ocean Thermal Energy Conversion. In Energy from the Ocean. ReportPrepared by the Science Policy Research Division, Congressional Research Service for theSubcommittee on Advanced Energy Technologies and Energy Conservation Research, Develop-ment and Demonstration. Committee on Science and Technology, U.S. House of Representatives.95th Congress, 2d session (committee print). April 1978. Washington, U.S. Government PrintingOffice, 1978, pp.45-66.
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electricity-to-shore option, including the cost of a submarine cable
system, for a plant located 140 nautical miles west of Tampa,
Florida. Realistic estimates of capital costs vary from $2,400 to
$4,000 per kilowatt of installed capacity. These capital costs lead to
unsubsidized energy costs exceeding 70 mills (7 cents) per kilowatt-
hour of electricity if capacity factors, interest during construction,
installation costs, and other financial assumptions are properly
accounted for. Since OTEC plants do not require fuel for plant
operation, a major cost component is for amortization of the capital
investment. These estimated cost ranges are comparable to costs
projected for other baseload power sources in the Gulf Coast elec-
trical market for the years 1990 to 2000.22 23

Since the first OTEC power plants may be more expensive than
later units, energy costs may be correspondingly higher initially.
Even so, at island locations, such as Puerto Rico and Hawaii, where
most of the electricity generated is derived from the combustion of
oil, favorable electricity markets might exist for the first OTEC
plants. The capital costs for OTEC plants at such locations could be
less than those for plants off Gulf Coast States, both because the
ocean thermal resource is somewhat better at these locations and
the power cables would need to extend only several miles from
shore. Accordingly, OTEC investigators have estimated that even
the first OTEC commercial plants might be competitive in the
1990's versus an oil-fired alternative at island locations.

It is important to recognize that the foregoing estimates of OTEC
economics remain speculative and uncertain because a commercial
demonstration OTEC power plant has not as yet been built and
because of the degree of as yet unpredictable escalation of OTEC
plant cost estimates. However, based on the analyses and research
performed to date, results of which were reported at the DOE-
sponsored sixth and seventh national OTEC conferences, 24 25 a
consensus exists among the various OTEC investigators that engi-
neering. feasibility is assured and that a true economic break-even
point may possibly occur in the early 1990s in island electric appli-
cations.

C. Environmental

Exploitation of the ocean's thermal energy involves the extrac-
tion of heat from the ocean through the circulation and redistribu-
tion of large quantities of warm ocean water from near the surface
and cold ocean water from the deep. Local and widespread imple-
mentation of this technology might impact the oceanic environ-
ment and its surroundings by modifying the thermal, biological,
physical, and chemical properties of that environment. Thermal
perturbations might affect the optimum performance of the plant.
For example, water exhausted from the evaporators or condensers,
if recirculated through the warm water intake, could reduce the
plant's net power output. Also, a reduction in ocean surface tem-
perature might alter local climatic conditions, but appropriately
directed discharge of the heat exchanger effluents could limit sur-

22 Cohen, Robert. Energy From Ocean Thermal Grandients, p. 17.
23 Clorfeine, A.S. et al. DOE's In-House Assessment of OTEC: Summary of Principal Findings,

OTEC Cost and Efficiency. The OTEC Liaison, v. 2, no. 11, November 1978: 1, 3-7.
24 Ocean Thermal Energy for the '80s. Proceedings of the Sixth OTEC Conference. Washing-

ton, D.C., June 19-22, 1979. Laurel, Applied Physics Laboratory/Johns Hopkins University and
Washington, U.S. Department of Energy, 1980. 2 volumes (various pages) (Conf.-790631.)

2 5Seventh Ocean Energy Conference. Expanded Abstracts. Washington, D.C., June 2-5, 1980.
Arlington, Gibbs & Cox, Inc. and Washington, U.S. Department of Energy, 1980, 1 volume (various
pagings).
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face temperature decreases to a small fraction of a degree Celsius.Other possible consequences of OTEC power plant operation to beaddressed include the impingement and entrainment of biota; pos-sible discharges of biocides, corrosion products, and working fluids;artifical reef, nesting, and migration impacts; and worker safety.Research projects for investigating these concerns are summarizedin a DOE environmental development plan for OTEC.26 Impacts ofenvironmental parameters on the design, siting, and operation ofOTEC plants are also to be considered and include the effects ofwinds, waves, and surface/subsurface currents on the power plantplatform, and riser and bottom transmission cables. For instance,the quality of the thermal resource could be degraded by oceanicmixing associated with such natural phenomena such as coastalupwellings and hurricanes. Moreover, OTEC power plants must bedesigned to structurally withstand heavy seas. A knowledge base inthis regard has been established by the offshore construction indus-try in the design and building of structures for operations in theharsh environment of the North Sea oil fields.

D. Social
Secondary impacts associated with site selection, construction,and operations of an OTEC facility may also affect existing societaland institutional structures. New jobs would be created and shore-based "boomtown" growth might occur, with its associated impactson housing, education, and sanitation. However, fabrication sitesand techniques already are available in coastal shipbuilding com-munities. Protected deep water areas near deployment sites will berequired for final assembly of modular plants, resulting in logisti-cal transportation and support impacts typical for any deep-waterconstruction project.
The use and/or production of chemicals or energy intensive prod-ucts (e.g., ammonia as a working fluid, chlorine as a biocide, liquidhydrogen or ammonia as a product) and the possibility of collisionwith ocean going vessels could endanger the safety of operationsand maintenance personnel. Worker safety concerns are regulatedby the Occupational Safety and Health Administration and, forstrictly marine occupational safety, by the U.S. Coast Guard.Worker-safety programs typically associated with construction andoperation of large-scale projects might be implemented in accord-ance with the products or chemicals intended to be used or pro-duced at the plant. Ocean traffic patterns might also be studied todetermine the likelihood of collisions occurring at site designa-tions.2

7
The construction and operation of OTEC vessels might providesocial/economic benefits by generating new U.S. tax revenues, revi-talizing the U.S. shipbuilding industry, and creating jobs in corecity areas where many large U.S. shipyards are located. The cur-rent world shipping recession has reduced merchant ship construc-tion opportunities, and the U.S. shipbuilding industry faces a crisis

26 U.S. Department of Energy. Office of Assistant Secretary for Energy Technology and Officeof Assistant Secretary for Environment. Environmental Development Plan, Ocean ThermalEnergy Conversion. Washington, U.S. Government Printing Office, 1979, 48 p. (DOE/EDP-0034.)27 Ibid., pp. 4, 24, 25.



318

situation.2 8 The backlog of merchant shipbuilding contracts placed
earlier in the 1970s is rapidly diminishing. Of 69 merchant vessels
now on order in U.S. shipyards, only 22 will remain for delivery
after 1980. Consequently, the shipyard resources of the United
States may not be fully utilized.

In all, more than 60,000 workers in U.S. shipyards currently face
the prospect of unemployment, much of which will apply to minor-
ity workers in areas of chronic unemployment. With a multiplier
effect factored in, nearly 200,000 workers in equally important
supporting industries could be affected. 29 Attendantly, in an analy-
sis prepared for the U.S. Maritime. Administration of effects in
economic areas other than the power market, the Johns Hopkins/
Applied Physics Laboratory estimated that the deployment of 21
commercial-size (300 to 500 Mwe) OTEC ammonia plant ships 30
could create 100,000 new jobs in U.S. shipyards and additional jobs
in the aluminum industry, in concrete,.in steel, and in the industri-
al equipment sector of the economy.3 1 OTEC construction pro-
grams could be supported by such shipyards as those at Quincy,
Massachusetts; Norfolk, Virginia; New Orleans, Louisiana; and
indeed by at least half a dozen large shipyards around the United
States. Furthermore, new jobs would be created in the U.S. flag
shipping industry through requirements to crew OTEC plants at
sea.32 However, the level of effort envisioned for a large-scale
OTEC construction program may warrant careful accounting of
skilled manpower available now and in the future to shipyards and
their support industries and to the seafaring and shoreside compo-
nents of the U.S. merchant marine.

E. Political

The development of technology for ocean thermal energy conver-
sion, is proceeding at a time when the law governing use of the
world ocean is in flux, and issues of ocean rights and responsibil-
ities may arise beyond those treated by- conventional maritime law
and treaties. It is possible that OTEC development may open up a
new area of international interest in the ownership and operation
of ocean-based energy-producing facilities.

The status of a cable-connected OTEC plant operating on the
territorial or high seas warrants clear definition. Some experts
define it as a moored ship, but others maintain that the permanent
connection to shore makes it an artificial island. This ambiguity in
turn raises questions relating to technical design, insurance, royal-
ties, and other economically oriented issues. This becomes less of a

28 Statement of Edwin M. Hood, President, Shipbuilders Council of Amerca. Appears in: U.S.

Congress. Senate. Committee on Energy and Natural Resources. Subcommittee on Energy

Research and Development. Ocean Thermal Energy Conversion Research, Development, and

Demonstration Act. Hearing, 96th Congress, 1st Session, on S. 1830. Oct. 15, 1979. Washington,

U.S. Government Printing Office, 1980, pp. 104-105.
29 Ibid.
30 Ammonia is a vital commodity in the manufacture of fertilizers, and over 95 percent of

U.S. ammonia production uses natural gas in the production of ammonia.

3 Avery, W. H. et al. Maritime and Construction Aspects of Ocean Thermal Energy Conver-

sion Plant Ships. Laurel, Maryland, Johns Hopkins University/Applied Physics Laboratory,

1976, v. 1A, p. 4, and v. 1B, pp. 1-8 and 1-9.
32 Statement of E. J. Francis, Applied Physics Laboratory, Johns Hopkins University. Appears

in: U.S.. Congress. House. Committee on Merchant Marine and Fisheries. Subcommittee on

Oceanography and Subcommittee on Merchant Marine. Ocean Thermal Ene Conversion Act

of 1980. Hearings, 96th Congress, 2d Session, on H.R. 6154. Jan. 30, 31; Feb. 27, 1980. Washing-

ton, U.S. Government Printing Office, 1980, p. 310.
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problem with untethered OTEC plant ships which are clearly ves-sels because they can maneuver and/or drift. Siting an OTEC plantwithin the territorial waters of one nation may not necessarilyavoid international legal problems if possible downstream impactsof OTEC operations are experienced.
Another fundamental legal question requiring resolution is theapplicability of Federal and State regulatory law regarding theconstruction and operation of OTEC power plants. These Federal-State issues include exclusive or joint licensure authority; predomi-nant roles regarding regulation of the OTEC facility; Federalagency jurisdiction (lead agency); and State jurisdiction (projectreview, assessment of on-shore impacts of construction, operating,servicing, and receiving power and potential products from OTECplants). These same investigations may be extended to encompassthe problem of what international regulatory authority concerningOTEC plants exists now, or is likely to be developed or modified inthe context of on-going United Nations Law of the Sea negotia-tions. A recurring question is whether OTEC would best be assimi-liated for purposes of legal responsibility and liability into the bodyof maritime admiralty law or whether some format for extending"land law" would be a better solution or, perhaps, some new combi-nation thereof.33 Multilateral agreements or treaties among con-cerned parties (as is done for fishing rights) and domestic legisla-tion may be necessary to resolve these potential legal problems. 3 4Legislation (H.R. 6154 and S. 2492) was introduced in the 96thCongress in an effort to resolve some of these legal problems. Thebills provide for one-stop Federal licensing of OTEC facilities andplantships by the National Oceanic and Atmospheric Administra-tion. Further, by treating facilities and plantships as vessels, theyallow owners of OTEC facilities to use the capital construction taxtreatment now available to vessel owners under the MerchantMarine Act of 1936 and extent to commercial and demonstrationOTEC facilities eligibility for Federal loan guarantees under TitleXI of the Merchant Marine Act of 1936.35 The House and Senatealso passed H.R. 7474, calling for the demonstration of OTEC elec-trical or energy product equivalent capacity of 100 Mwe by theyear 1986, 500 Mwe by the year 1989, and 10,000 Mwe by 1999. Thebill directs the Department of Energy to prepare a comprehensiveprogram plan and a commercialization plan that would permitrealization of these goals. A Technical Panel of the Energy Re-search Advisory Board is established to assess and evaluate imple-mentation of the programs mandated by the bill.36

3 3
Legal, Political, and Institutional Aspects of Ocean Thermal Energy Conversion. WorkshopProceedings. Washington, D.C. Jan. 15-16, 1976. Washington, American Society of InternationalLaw, 1977, v. 1 (loose-leaf).

34 Nordquist, Myron H. and Geoffrey S. Yarema. Generating Energy on the High Seas: LawsNeeded to Protect Development of Sa Power. The National Law Journal, Nov. 26, 1979.35 Hearings were held on Jan. 30, 31, and Feb. 27, 1980 by the House Merchant Marine andFisheries Subcommittee on Merchant Marine and on Oceanography, and on May 1, 1980 by theSenate Committee on Commerce, Science, and Transportation. See also H. Rept. 96-994 on H.R.6154 and S. Rept. 96-721 on S. 2492. Senate passed S. 2492 on July 2, 1980. House passed themeasure July 21, clearing it for the President. Enacted Aug. 3, 1980, P.L. 96-320.36 Hearings were held by the Senate Committee on Energy and Natural Resources (on S. 1830)on Oct. 15, 1979; reported to Senate Dec. 14, 1979, S. Rept. 96-501; passed Senate Jan. 25, 1980;reported to House June 13, 1980, H. Rept. 96-1092; passed House Jun. 17, 1980; passed SenateJun. 28, 1980. Final action in the House Jul. 2, 1980; final action in the Senate July 2, 1980.President Carter signed H.R. 7474 on July 17, 1980, Public Law 96-310.
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IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990

It is not anticipated that OTEC will make any significant contri-
bution to U.S. energy supplies by 1990.

B. Contribution by 2000 or Beyond

Initial projections of estimated OTEC power market penetration
appear now to have been somewhat optimistic. For example, the
1974 Federal Energy Administration report, Project Independence,
called for the achievement by the year 2000 of 165,000 Mwe, under
a "business-as-usual" scenario, or 260,000 Mwe under an "acceler-
ated" scenario. Under the accelerated scenario, OTEC technology
was projected to save up to 7X1015 British thermal units (Btu) of
fossil fuel energy per year or 11 million equivalent barrels per day
of imported oil by the year 2000. The corresponding values for the
business-as-usual scenario in the year 2000 were 1.7x1015 Btu and
2.7 million equivalent barrels per day of oil that would not need to
be imported from foreign sources.37 In these projections of reduced
imports of fuel oil, it is.assumed that the particular energy technol-
ogy (in this case, OTEC) reduces the demand for fossil fules to
produce electricity.

In the 1976 report, A National Plan For Energy Research, Devel-
opment and Demonstration, ERDA projected a total potential
power capacity in the year 2000 ranging from 10,000 to 25,000
Mwe. This corresponds to a savings of 0.5 to 1.2 million equivalent
barrels per day of oil used in the generation of electricity.3 8

It would seem very optimistic to expect that the technology could
achieve the upper bound level of 260,000 Mwe in the year 2000.
Even the figure of 25,000 Mwe may be optimistic for that time
period in view of the fact that vigorous development plans would
have to be undertaken promptly to achieve that capacity. A mix of
alternate energy technologies will probably be implemented, which
could result in a minute, but perhaps useful, incremental contribu-
tion from OTEC to the Nation's power supply approaching 1 to 3
percent by the year 2000.39

According to an assessment of OTEC market potential, the DOE
observed that entry of OTEC into a U.S. mainland market is un-
likely unless or until modular plant concepts and alternate plat-
form designs have been successfully demonstrated, but in any case
not before the year 2000.40 If proved a viable option, OTEC could
potentially meet significant percentages of baseload electrical de-
mands in the U.S. Southeast and Gulf Coast region, possibly by the
latter half of the 21st century. By 2020, a 20,000-to-40,000 Mwe

3
S Interagency Task Force on Solar Energy. Project Independence Blueprint. Final Task Force

Report. Prepared Under Direction of National Science Foundation. Washington, Federal Energy
Administration, November 1974, pp. 1-7, 1-9,1-25, VI-3.

38 U.S. Energy Research and Development Administration. A National Plan for Energy
Research, Development and Demonstration: creating Energy Choices for the Future. Washing-
ton, U.S. Government Printing Office, 1976, pp. 108-111. (ERDA 76-1)

39 Richards, W. E. The U.S. Ocean Energy Systems Program. Appears in Ocean Thermal
Energy for the 'S0s. Proceedings of the Sixth Ocean Thermal Energy Conversion Conference.
Washington, D.C., June 19-22, 1979. Laurel, Applied Physics Laboratory/Johns Hopkins Univer-
sity and Washington, U.S. Department of Energy, 1980, v. 1., pp. 2.4-1-2.4-7.

40 Clorfeine, A. S. et al. DOE's In-House Assessment of OTEC: Summary of Principal Find-
ings, OTEC Cost and Efficiency. The OTEC Liaison, v. 2, no. 11, Nov. 1978: 1, 5.
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OTEC installed capacity-a small fraction of the required baseloadcapacity for the Southeast-seems plausible, according to DOE pro-jections. It seems likely, however, that initial commercial imple-mentation for OTEC technology will be in tropical island electricapplications of 10 to 100 Mwe replacement capacity. Puerto Rico,U.S. Virgin Islands, Hawaii, and Guam have expressed strong in-terest in OTEC, and economic, social and political factors appearfavorable for the development of island markets at these locations.They have good ocean thermal resources, and the oil-dependentisland utilities located there would be competitive markets forearly OTEC plants. Conceivably, OTEC could deliver power to U.S.islands in the 1990s, if technical and economic feasibility wereproven by the mid 1980s. Based on this assumption, DOE projects atotal installed island capacity of 3,000 Mwe by 2000 and 8,500 Mweby 2020.41 42

41 Ibid., pp. 1, 5.
42 Cohen, Robert and Fred S. Dunning, Jr. An Island Strategy for OTEC Commercialization.Preprint of an invited paper for Solar Energy and Conservation Symposium-Workshop. Miami,Florida, Dec. 11-13, 1978, 6 p. and appendices (revised Apr. 16, 1979).



WIND ENERGY *

I. SURVEY OF THE CURRENT SITUATION

A. Description of the Technology

A wind energy conversion system (WECS) is any machine or
device which uses the energy of the wind to produce rotating or
oscillating motion, which is mechanical energy. This mechanical
energy can be used directly, or can be used to run an electrical
generator which changes the mechanical energy to electrical
energy. Traditional windmills are the most commonly recognized
kinds of WECS, but there are many different forms of wind ma-
chines which turn on a horizontal or vertical axis which are being
explored in the attempt to harness the wind's energy.

B. Known Resources and Reserves

The kinetic energy available in the wind is virtually limitless.
However, an upper global limit of 1.3 x 105 gigawatts has been
calculated as the amount of power available to be extracted from
the wind.' This amount of power is roughly twenty times the
worldwide energy consumption rate. For the continental United
States, the extractibn rate limit has been calculated at 2 x 103
gigawatts or roughly 75 percent of the U.S. total energy consump-
tion.2 The variability of this resource at any one location means,
however, that not all of it can be used to produce electricity.

C. Current Contribution to U.S. Energy Supplies

From the Department of Energy (DOE) program alone, there are
almost three megawatts (MW) of WECS capability installed and
operating in a utility grid.3 A number of smaller non-DOE wind
systems have been installed throughout the United States for resi-
dential and agricultural uses, for example, but at this time there
are no commonly accepted figures relating to the total numbers of
these machines nor to their cumulative contribution to meeting
U.S. energy needs.

To give a perspective on what the DOE installed capacity means,
two examples of wind contribution are illustrative. DOE's MOD OA
200-kilowatt machine, installed in Clayton, New Mexico, provides
the power for about sixty homes. In that town of about 3,000
people, that is about 15 percent of the power requirements. The
DOE MOD 1 machine (2 megawatts) is anticipated to supply power
for about 500 homes in the town of Boone, N.C.

Prepared by Barbara A. Luxenberg, specialist in aerospace systems technology.

'M. R. Gustavson, "Limits to Wind Power Utilization," Science, Apr. 6, 1979: 13.
2 Ibid.
3 This total is comprised of four DOE MOD OA 200-kilowatt machines and one DOF MOD 1 2-

megawatt machine.
(322)
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D. State-of-the-Art
Commercialization of wind energy technology does not depend onmajor technological breakthroughs. However, technical and engi-neering developments are needed to lower the capital, mainte-nance, and operating costs of WECS. Technical studies on bladesand materials are on-going to determine the most efficient composi-tion and configurations. The large megawatt size WECS, withrotors 100 to 200 feet long are presumed to be the most efficient,and potentially the most productive, WECS but wind machines ofthis size still need to be verified with actual field testing. The 2MW, 200-foot diameter DOE machine recently installed in Boone,North Carolina, is the first such field test of a large machine (sincethe Palmer/Putnam machine in the 1940's) in this country.
A sizable wind turbine industry based on small WECS grew inthe United States between 1850 and the 1930's. It died out in the1930's due to the availability of convenient, low-cost central powerthrough the Rural Electrification Agency. A fledgling small WECSindustry is growing now and the machines, though lacking thereliability and longevity of their predecessors,4 are close to econom-ic viability in remote areas and, with moderate advances, willbecome viable in a more general market.

E. Current Research and Development

1. FEDERAL R. & D.

The current DOE wind R. & D. program includes developingsmall (under 100 kilowatt) and large (100 kw and above) windmachines; investigating wind energy applications; evaluating na-tional and local wind resources; and assessing problems and mar-keting strategies. Current DOE projects include: (a) a 100 kw ma-chine in Plumbrook, Ohio; (b) 200 kw machines at Clayton, NewMexico; Culebra Island, Puerto Rico; Block Island, Rhode Island;and Kaena Point, Oahu; (c) a 2 MW machine at Boone, NorthCarolina; (d) development of a 2.5 to 3 MW system, three machineswhich are to be installed in the Bonneville Power AdministrationSystem near Goldendale, Washington, by 1981; and (e) developmentof two different advanced 4 MW machines by 1984.
The DOE Rocky Flats Plant in Golden, Colorado is testing anddeveloping small wind machines. The DOE's Sandia Laboratoriesin New Mexico are investigating innovative wind systems. BattellePacific Northwest Laboratories is conducting wind characteristicsstudies, resource assessments, and siting studies for DOE.The DOE Federal Wind Energy Program is designed to makeavailable reliable, durable, cost-effective WECS as soon as possible,in a range of sizes to meet end uses that have been identified aspotential markets for large and small WECS. Specifically, the pro-gram has a wind energy cost goal of 1 to 2 cents per kilowatt hour,which DOE believes necessary to make wind power competitive.5

The program has the goal of erection of 128 large and intermediate
4

According to the DOE Commericialization Strategy Report for Small Wind Systems, Draft,TID-28844, 1978, p. 2, small WECS lack the reliability and longevity of their predecessors,probably because of the limited capital and limited engineering and market feedback availableto small manufacturers at this early stage. DOE believes that this situation will change shortly.5 The national average cost is 3.45¢/kwh.

71-990 0 - 8i - 21
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size WECS (200 kw to 2.5 MW) by 1984, 500 intermediate small
machines by 1983, and contribution of the thermal equivalent of
0.01 quads in 1985.6

The Department of Interior's Water and Power Resources Serv-
ice is planning a wind farm (consisting of a number of megawatt
size machines) in the Medicine Bow, Wyoming area. The first 4
MW machine for this project has been contracted for. The Depart-
ment of Agriculture is engaged in R. & D. on the agricultural
applications of wind energy. Federal funding for wind energy for
fiscal year 1980 amounted to about $63.4 million. The fiscal year
1981 budget request, as passed by the House, amounted to $77.9
million.

2. NON-FEDERAL ACTIVITY

A number of companies in the private sector are interested in
WECS, and there are several large scale private projects to com-
mercialize wind power. Southern California Edison Co. has pur-
chased a 3 MW WECS and is installing it in the San Gorgonio Pass
near Palm Springs, California. The operation of this machine will
supply data to the utility for future decisions on installation of
additional wind machines.

The California Water Resources Department is negotiating with
a supplier for the purchase of up to 400 million kilowatt hours of
electricity per year, which would be generated by 20 horizontal
axis WECS totaling about 1 MW capacity. The first of these small
machines might be installed in the Pacheco Pass as early as 1980.
The State of California plans to generate by 2000 at least 10
percent (30 billion kwh per year) of the State's electricity using
wind machines, if the initial machines function well.7

Another industrial venture is the array of 100 vertical axis gyro
mills built in Dalhart, Texas, and used in connection with a chemi-
cal plant which produces bleach. Electricity derived from the
WECS is the main input to the process by which sodium hypochlo-
rite is produced.

The Hawaiian Electric Company has agreed to purchase the
electricity which may be generated by a planned 80-megawatt wind
farm on the island of Oahu. The proposed wind farm would be
comprised of 32 2.5 megawatt wind machines. Its planners antici-
pate it will be fully operational by 1984, though the idea is only in
the planning stage and the machines must be procured.

3. INTERNATIONAL

A number of countries are studying the potential of wind energy
to help meet their national energy needs. The Canadians have been
active in studying vertical axis WECS. The Danes have a number
of on-going projects, including one large machine built by students
at Tvind. In addition, the Federal Republic of Germany, the United
Kingdom, the Netherlands, Norway, Japan, Sweden, and Austria
all reported on national wind energy activities at the recent (Octo-
ber 1979) DOE Fourth Biennial Conference and Workshop on Wind

6 U.S. Department of Energy. Domestic Policy Review of Solar Energy. Final Report of the
Research, Design and Development Panel, October 1978, TID-28837 UC-13, tab J, appendix A, p.
1.

In statement of Dr. James Lerner, California Energy Commission, before the House Commit-
tee on Science and Technology, Subcommittee on Energy Development and Applications, hear-
ing on H.R. 3558, Sept. 26, 1979.
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Energy Conversion Systems. The national programs which werereported were predominantly in the R. & D. phase.
II. PROSPECTS OR REQUIREMENTS FOR FURTHER DEVELOPMENT

A. Research and Development

1. SMALL WECS R. & D. REQUIREMENTS

According to DOE, small WECS are nearly ready for commercial-ization now, but "additional R. & D. cycles are needed to reachmass markets." 8 These R. & D. efforts would address key barrierssuch as utility electrical interfacing, wind load data for design,design for turnkey operations, low maintenance, technical simplic-ity, durability and high reliability. There are no major technicalrisks which would question the basic feasibility of small WECS.As part of its consideration of wind legislation in the 96th Con-gress, the House Committee on Science and Technology definedwhat it believes to be an appropriate Federal role in R. & D. forsmall WECS. The Committee called for a six year (fiscal year 1981-86) accelerated R. & D. applications, testing, and study programcosting just under $100 million.9 This funding would allow oneadditional generation of each of the various small machine sizesand development of a machine in the 50 to 100 kilowatt range forthe agricultural, industrial, and commercial sectors.

2. LARGE WECS R. & D. REQUIREMENTS

There are no major technical feasibility questions with largeWECS which need to be resolved by R. & D. However, furtherdevelopment is required to obtain high performance at low cost.Advanced systems should have reduced input loads, high aerody-namic performance, and simpler components and subsystems andshould be designed for improved fabrication techniques, highersystem optimization, and configuration tradeoff.10
The House Committee on Science and Technology called fcr ac-celerated R. & D. applications, testing and studies for large WECSover a six year period (fiscal year 1981-86) at a cost of just under$200 million." This would allow the parallel development by multi-ple contractors of the next generation of large WECS.
The DOE believes that the present Federal wind R. & D. pro-gram, based on serial development by a single contractor of thenext generation of large wind machines, should proceed throughfiscal year 1980 and fiscal year 1981 and should concentrate onsystems development and tests to achieve initial technical verifica-tion.12 After about 1983, according to DOE, only modest Federal

'DOE, Commercialization Strategy Report for Small Wind Systems, Draft, TID-28844, 1978, p.18.
' U.S. Congress. House. Committee on Science and Technology. Establishment of Wind EnergSystem Research, Development and Demonstration Program, report to accompany H.R. 589296th Congress, 1st session, Nov. 27, 1979, H. Rept. 96-662, pp. 9-10...DOE, Commercialization Strategy Report for Large Wind Systems, TID-28843, 1978, p. 2(Draft.)
"I H. Rept. 96-662, Establishment of Wind Energy System Research, Development, and Dem-onstration Program, op. cit., pp. 9-11.
'2In statement of Dr. Worth Bateman, Deputy Under Secretary of DOE, before the HouseCommittee on Science and Technology, Subcommittee on Energy Development and Applications,at hearings Oct. 17, 1979, pp. 5 and 7.
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R. & D. will be needed because the technology and the industry will
be at the point at which cost effective use of wind power in windy
regions will be practical. 13

B. Demonstration

Federal demonstrations of WECS are viewed by many energy
analysts as essential to achieve industry confidence and rapid com-
mercialization of wind energy systems.14 Demonstrations should
provide an early market in high wind, and/or high potential appli-
cations. For small WECS, early demonstrations are seen as a short
term necessity to help resolve institutional issues, improve manage-
ment expertise within the industry, provide growth capital, and
allow development of a preparatory sales and service infrastruc-
ture. Small WECS can be demonstrated in easily managed cycles at
relatively low costs. The DOE recommended a moderate cost-shared
demonstration program to provide user experience and market
tests, supplemented by incentives, if necessary, to assist economi-
cally during early market penetration. Demonstration efforts
would eventually be phased out in favor of appropriate incentives.

For large WECS, DOE recommends that cost shared demonstra-
tions should not begin until after February 1981, by which time
DOE expects to have completed analyses and acquired test data
that indicate that such demonstrations will lead to a viable, self-
sustaining industry. 15 Demonstration activities could be imple-
mented in 1982, contingent on the determination by the DOE that
WECS are technically, economically, and commercially ready.

Following its consideration of wind energy legislation and re-
quirements, the House Committee on Science and Technology pre-
pared an estimate of wind energy demonstration requirements.' 6

For small WECS, the demonstration program would start with $8
million for 250 demonstration units in 1981 and continue until
1986, with 5,000 units at $30 million. Demonstrations would be
done on a cost shared basis with DOE providing 50 percent of the
capital cost of a system purchased during the first 4 years of the
program, a maximum of 35 percent in the fifth year, and 25 per-
cent in the sixth year.

For large WECS, the Committee proposed that the demonstration
program start in 1983, with 14 units installed at a Federal cost of
$30 million.17 As with small WECS, the demonstrations would be
cost shared and demonstration efforts would increase as R. & D.
efforts decreased. By 1988, the number of demonstration units
would have increased to 162 and the Federal support to $75 mil-
lion. In the first six years there would be a maximum cost sharing
of 50 percent of the capital cost of a unit; in the seventh and eight
years, the Federal input would be a maximum of 25 percent.

13 U.S. Congress. House. Committee on Science and Technology. Oversight-Wind Energy
Program, hearings before the Subcommittee on Energy Development and Applications, 96th
Congress, Ist session, July 30, 1979, p. 56.

14 For example, see: Going with the Wind, EPRI Journal, March 1980, pp. 16-17; DOE
Commercialization Strategy for Large Wind Systems, op. cit., pp. 17-20; DOE Commercialization
Strategy for Small Wind Systems, op. cit., pp. 29-30; H. Rept. 96-662, Establishment of Wind
Energy Research, Development and Demonstration Program, op. cit., pp. 4-11.

'5 Prepared statement of Worth Bateman, op. cit., p. 4-5, 11.
16 H. Rept. 96-662, Establishment of Wind Energy Systems Research, Development, and

Demonstration Program, op. cit., pp. 9-10.
17 Ibid.
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The ultimate goal of this extensive Federal program in demon-stration (and the R. & D. program discussed in A, above) would beto reduce the average cost of electricity produced by WECS at theend of fiscal year 1988 to a level competitive with conventionalenergy sources, and to reach an installed capacity of 800megawatts by that time. The Committee suggested that by pursu-ing this effort over the eight year period, and then stopping Feder-al support, wind energy should find its market niche through theeconomics of the marketplace. 18

C. Commercialization

The following section presents specific data on requirements forwind energy commercialization. It should be remembered that thestudies from which this data is drawn are preliminary in natureand that they are based on estimates derived by assigning values toa number of different variables. Changes in values assigned to thevariables would thus affect the calculations carried out and theresultant wind commercialization requirements.

1. CAPITAL

Assuming an accelerated commercialization plan for WECSwhich would enable WECS to supply approximately 7 percent ofthe U.S. national energy demand by 2000, estimates are that atotal investment of $80 to $100 billion would be required.-9 For amarket penetration of just under 4 percent, DOE estimates a re-quired capital investment of almost $23 billion by 2000.20
Capital costs for production of individual WECS are uncertain atthis time because they are based on developmental units, andbecause a number of variables go into determining costs. The DOEestimates the total installed cost of its Mod 2 2.5 MW WECS atalmost $4 million .2 Mass production of WECS will lower costs, dueto the effects of the learning curve, and one estimate of costs formass production of the MOD 2 would be about $800 per kilowattand a total installed cost of about $2 million.22

2. TIME

The Domestic Policy Review of Solar Energy recommended initi-ation in fiscal year 1980 of a wind commercialization plan aimed atrelatively large-scale production and marketing of wind turbines inseveral size ranges by about 1984. Commercialization could beginas soon as required characteristics of durability, reliability, andcost effectiveness are achieved.23
The proposed DOE cost goal for wind commercialization is toachieve an energy cost of 1 to 2 cents per kilowatt hour by the late1 980's (for both large and small WECS). This cost, along with

18[bid p.8.
DOE. Summary of Current Cost Estimates of Large Wind Energy Systems, study done forDOE by the JBF Scientific Corporation, Washington, D.C. February 1977, DSE/2521-1, pp. 40-41.

't DOE Commercialization Strategy Report for Large Wind Systems, op. cit., p. 10.Tbid., p. 28.
"Personal communication with Wind Energy Systems Branch, DOE, January 1980.U.S. Department of Energy. Domestic Policy Review of Solar Energy, Final Report of theResearch, Design, and Development Panel, October 1978, TID-28837, tab J. p. 8.
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appropriate incentives, would allow the commercialization of wind
energy systems to achieve an energy contribution of around 2
quads by 2000.24 According to DOE projections, large WECS could
be commercialized to the point of penetrating almost 4 percent of
the electric utility market by 2000.25 For small WECS, the first
effective market penetration (farm and rural residential market)
will probably begin in the early 1980's with significant market
penetration in the late 1980's and about 13 percent of the market
penetrated by 2000.26i

Legislation in the House and the Senate during the 96th Con-
gress calls for an extensive research, development, and demonstra-
tion program aimed at early commercialization of wind power.
House legislation (H.R. 5892) is aimed at reducing the cost of wind
power to a level competitive with conventional energy sources by
fiscal year 1988, Senate legislation (S. 932) by fiscal year 1986.

3. MANPOWER

One study suggests that 150,000 steady new jobs would be cre-
ated under a highly accelerated wind commercialization program
and a few thousand new jobs if the wind program continues under
a business-as-usual scenario.2 7 Another study suggests that 40 to 70
workers would be required to operate a 1,000 megawatt wind ma-
chine array.28 A third study notes that manufacture of wind energy
conversion systems would not require any new or unusual skills.29

4. REQUIRED INDUSTRIAL BASE

The Domestic Policy Review of Solar Energy noted that "wind
machines are not so highly specialized a product that the general
manufacturing industry will have difficulty entering the field." 30
The industrial sectors which will potentially be involved in com-
mercial WECS production include aerospace companies; current
manufacturers of small WECS; manufacturers of large farm and
construction machinery; manufacturers of large gears, gear boxes,
and bearings; manufacturers of towers, electrical equipment, elec-
trical control and monitoring equipment; architectural and engi-
neering firms, construction firms, labor unions, and other industri-
al sector elements.31

5. MATERIAL NEEDS

Two studies done for ERDA (now DOE) considered the materials
needs for commercialization of WECS. One of these studies assessed
the possible effects annual production of 8100 WECS units (4 MW
units designed for a 7 m/s mean wind speed, or about 15.5 mph)
from 1986 to 1990 might have on materials supply. It suggested

--Commercialization Strategy Reports for Small and for Large Wind Systems, op. cit., p. 6

both studies.
Commercialization Strategy Report for Large Wind Systems, op. cit., p. 10.
Commercialization Strategy Report for Small Wind Systems, op. cit., p. 12.
Preliminary Wind Energy Commercialization Plan, part 1, Large Scale Systems, Vol. I,

Study prepared for the Federal Energy Administration by the Mitre Corp., January 1977 MTR-
7365, op. cit., 8-28.

2- Solar Program Assessment: Environmental Factors-Wind Energy Conversion. ERDA Divi-
sion of Solar Energy. March 1977, ERDA 77-4716, p. 18.

' Wind Energy Mission Analysis, Executive Summary, study prepared by the Lockheed-

California Company for ERDA, October 1976, SAN/1075-1/3, p. 27.
Domestic Policy Review of Solar Energy, op cit., tab J, p. 8.
Preliminary Wind Energy Commercialization Plan, op. cit., pp. 8-12.
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that the impact would be relatively insignificant for aluminum,electrical copper, alloy steels and carbon steel. There might be aproblem with steel castings but only if the national requirementsfor steel castings exceeded 304,000 tons per year. The study assert-ed that proper planning of foundry capacity would probably takecare of this potential problem. A 4 MW WECS would require 135tons of alloy steels, 12 tons of steel castings, 266 tons of carbonsteel, 15.5 tons of aluminum alloy sheet, and 5.9 tons of copperwire.32
The second study based its assessment on rotors of fiberglass,rather than metal, and assumed no production difficulties exceptfor production of glass fiber and resin for the rotor blades. Forthese WECS with fiberglass rotors there would be a productionrequirement of 1,457,000 tons per year if the production is 64,0001.5 MW units per year (high wind regime of 7 m/s). This wouldcause an increase of 265 percent in the national requirement andwould require a quadrupling of the plastics production capacity. A1.5 MW WECS would require 96 tons of steel, 1.3 tons of copper,372 tons of concrete, 8.5 tons of fiberglass, and 2.05 tons of resin.33

6: ENERGY EXPENDITURES

In the early years of commercialization the net energy from aWECS would be negative (as it is for any energy source). Maximumnegative values of net energy are estimated by one DOE contractorto range from 26 to 33 billion kilowatt hours with energy paybacktimes of 5.2 to 5.9 years. 34 The time required to pay back theenergy required to place an individual WECS unit into operation(including mining, processing, forming, fabricating, and transport-ing all materials and equipment) once mass production has beenestablished is estimated at 0.3 to 0.9 years. 35

III. POTENTIAL OBSTACLES TO R. & D. OR TECHNOLOGY
IMPLEMENTATION

Most analyses of the potential contribution of wind energy agreethat wind energy commercialization will depend on the cost of itselectricity being lowered to or below 4¢ per kilowatt hour.31 Techni-cal and economic considerations are closely intertwined in achiev-ing those cost goals. Other factors, as discussed below, may impacton commercialization of wind energy.

A. Technical
Though no technological breakthroughs are necessary for com-mercialization of wind energy systems, evolutionary technical im-provements and engineering developments are necessary to achieve

" Summary of Current Cost Estimates of Large Wind Energy Systems.
I Ibid.

Ibid.
"Ibid.

'4See, for example: DOE, Commercialization Strategy for Large Wind Systems, op. cit., pp. 4-6; DOE, Commercialization Strategy for Small Wind Systems, op. cit., pp. 6-7; U.S. Congress.House. Committee on Science and Technology, Oversight-Wind Energy Program, hearings 96thCongress, 1st session, July 30, 1979, pp. 8-9, 26, 130-131; and testimony of Dr. Worth Bateman,DOE, before House Committee on Science and Technology, at hearings on H.R. 5892, Oct. 17,1979, p. 12 of prepared text (hearings unpublished at this time).
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performance goals (for durability and reliability) as well as cost
goals.

Economies of scale are presumed for large WECS. However,
rotors for megawatt size WECS (with diameters of 200 ft. or more)
are theoretically technically possible but remain to be tested and
validated onsite over a period of time.

The wind is variable and, for many of their potential uses, WECS
need to be coupled with a storage system of some kind for periods
when the wind does not blow. A storage system adds to the capital
costs of a WECS and can therefore change the competitive situa-
tion of wind energy relative to other energy sources. Many storage
technologies and mechanisms are under study at the present time,
but most of them are not yet economic.

Failure of either the tower or the rotor could pose severe haz-
ards, and R. & D. is ongoing to solve any potential technological
safety problems.

Achieving significant contribution of energy from WECS will
require their integration into utility grids in large numbers. Tech-
nical questions of grid stability and control, and of operational
interface need to be resolved.

B. Economic

Costs must be lowered to at least 3 to 4 cents per kilowatt hour
before WECS can be competitive with other energy sources for
most markets. Current median energy costs for small WECS are
15.4 cents per kilowatt hour 37 and for large WECS (DOE Mod 1
machine) are 10 to 11 cents per kilowatt hour .3 Technical improve-
ments and engineering developments should help lower costs but
economic actions appear essential, too.

There is general agreement that economic incentives are neces-
sary to overcome utility conservatism and to encourage the energy
industry to invest in WECS production and utilization.39 It is diffi-
cult to estimate accurately the potential market for large wind
systems because (a) the utility market is large and diverse, (b) the
wind resource is highly variable, and (c) future fuel prices are
uncertain. Without reliable market data, industry appears reluc-
tant to invest sufficient funds to establish quantity production of
WECS. Without quantity production, and the resultant cost reduc-
tions, the market will remain uncertain.

Further, commercialization of WECS will need an industrial in-
frastructure to distribute, sell, install, operate, and maintain the
machines. At the present time, such a structure does not exist in
the industry. The industry will also need to acquire liability insur-
ance for wind systems. Because WECS are of unknown reliability
and safety, obtaining insurance may form a barrier to their com-
mercialization.

"Commercialization Strategy Report for Small Wind Systems, op. cit., p. 10.
Commercialization Strategy Report for Large Wind Systems, op. cit., p. 20.
See, for example, DOE Commercialization Strategy Report for Small Wind Systems, op. cit.,

pp. 19-38; DOE Commercialization Strategy Report for Large Wind Systems, op. cit., pp. 16-36;
Preliminary Wind Energy Commercialization Plan, op. cit., pp. 7-4 to 7-10; and Marshall
Merriam, Wind Energy Use in the United States to the Year 2000, study prepared for the
Federal Energy Administration, October 1977, pp. 4-8.
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Integration of WECS with utility grids poses questions of capac-ity credit and energy value which must be resolved for economicutilization of WECS in a utility setting.

C. Environmental
There appear to be no major environmental obstacles to commer-cialization of WECS. A minor consideration is the television broad-cast interference caused by the rapidly rotating blades of WECS.This is a localized effect (within a few miles of the WECS) and siteselection, along with selection of certain materials for the blades,can possibly ameliorate this problem. Cable TV may be anothersolution to this problem.

D. Social

Currently, public acceptance of WECS is high. However, WECSare highly visible on the landscape and the siting of either individ-ual WECS or groups of WECS (in a wind "farm") may eventuallyhave to be limited to land which is outside scenic and/or urbanareas.
E. Political

Other than the necessity, cited by some proponents, to obtainadministration support for increased funding for Federal wind re-search, development and demonstration programs, no politicalproblems appear to exist.

F Legal/Regulatory

There are potential legal difficulties concerned with the siting ofWECS, but these are not considered major impediments. A body ofstatutes which sets precedents for resolving legal issues regardingwind has not yet been developed. Potential areas of concern includezoning; State and local building, safety, and housing codes; Stateutility commission certification procedures; ownership of "windrights;" and lack of legal means of regulating upwind obstructions.

G. Siting
Siting is crucial to economic production of energy from the wind.More data and analysis of potential wind sites is essential toachieve maximum output from WECS when they are installed.There have been suggestions that offshore siting of WECS couldresult in the generation of large amounts of electrical power. How-ever, at the present time, the high cost of building platforms in theocean and transmitting electricity back to shore, in addition to thetechnical problems of carrying out those activities, indicate thatoffshore siting of WECS is not now economical. In addition, placingWECS offshore raises a number of domestic and international legalquestions which would have to be resolved prior to their installa-tion.40

"Coit, Lynde, Wind Energy, Legal Issues and Institutional Barriers, study prepared by theSolar Energy Research Institute for the Department of Energy, SERI/TR-62-241, June 1979, p.12.
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IV. POTENTIAL CONTRIBUTION TO FUTURE U.S. ENERGY SUPPLIES

A. Contribution by 1990

Large wind systems are anticipated by DOE to be able to supply
0.19 quads of energy by 1990.41 Small wind systems are anticipated
by DOE to be able to supply 0.11 quads. 42

B. Contribution by 2000 or Beyond

Large wind systems are anticipated by DOE to be able to supply
2.1 quads of energy by the year 2000 43 out of the almost 125 quads
estimated by DOE to be required to meet U.S. energy needs at that

time. However, a summary of market penetration estimates for
large machines range from .01 to 6.0 quads, with the median being
around 2.0.44 Small wind machines are estimated by DOE to be able
to contribute 0.32 quads by 2000.45

"Commercialization Strategy Report for Large Wind Systems, op. cit., p. 10.
4' Commercialization Strategy Report for Small Wind Systems, op. cit., p. 12.

Commercialization Strategy Report for Large Wind Systems, op. cit., p. 10.
[Ibid., p. 11.

"Commercialization Strategy Report for Small Wind Systems, op. cit., p. 12.



ANALYSIS AND DISCUSSION*
In the preceding sections we have examined an extensive arrayof energy technologies that offer a diversity of opportunities to tapnew domestic sources of energy, to increase the reserves to produc-tion ratio of our resources, or to improve the efficiency with whichwe process and deliver energy to the ultimate industrial or individ-ual consumer. The picture revealed is a complex montage of quan-tities of energy, time elements, and private and public expendi-tures. This provides us with a broad appreciation of where ourfuture energy rewards are to be found. It also can be used as aframe of reference for- a general comparison of the Federal fundinglevels needed to stimulate research and to activate the processleading to the commercial adoption of new or improved technol-ogies.
Among the many factors that control where the most fruitfulrewards from energy research are to be found, the following areparticularly significant:
Magnitude.-The estimated magnitude of the physical stock orflow of energy to be employed.
Experience.-The familiarity of energy users with the energyform and its technology, particularly with respect to the adaptabil-ity of that energy form and its technology to present practice.Costs.-The expected future cost per delivered unit of energy(BTU or Kwh) and the time profile of capital expenditures as theyrelate to market competitiveness of the fuel or energy to be pro-duced, or to the magnitude of capital investment required to beginproduction of that fuel or energy.
Timing-The duration and current degree of learning and/orproduction experience in the progression from basic researchthrough commercial adoption, insofar as these factors might influ-ence the current level of R. & D. expenditures and the timing ofthe energy pay-off.
As noted in the Introduction, the mix of energy sources now usedin the United States is not a mere happenstance. It is a reflectionof basic economic and physical conditions which have favored coal,petroleum, natural gas, nuclear fission, hydropower, and fuel wood.For many decades these sources offered significant quantities ofenergy that were accessible, readily usable, and inexpensive. Norshould we forget that the aggregate potential of these commonresources still has not been fully exploited. They continue to pos-sess the important advantage of using technologies familiar toindustry and individual consumers. Moreover, the remaining en-dowments of these resources still offer accessibility and ready util-ity. The key uncertainties are how much more can they usefullycontribute and at what cost.

'Prepared by L. Harold Bullis, specialist in science and technology, John J. Schanz, Jr., seniorspecialist in resource economics and policy, and Langdon T. Crane, Jr., specialist in science andtechnology.
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In contrast, the less familiar sources of energy have not been
employed in the past because they have one or more of the follow-
ing drawbacks: lack of development as proven technologies, re-
source limitations, less favorable physical characteristics, lack of
user familiarity, or comparative economic disadvantages. If we now
wish to facilitate or accelerate their entrance into the mainstream
of the U.S. energy economy, then expenditure of Federal dollars
may be required to compensate for some of these restraints. How-
ever, the rewards can be attractive if government expenditures are
directed toward favorable combinations of energy potential plus
proper timing of deliverability. To this must be added considerable
sensitivity to public acceptance of any new technology.

The Federal role in research, development, demonstration, and
commercialization cannot be determined as though it operated in a
vacuum. The private sector concurrently sets its own goals and
makes its own significant and continuing contributions. Its general
behavior in this process is reasonably predictable. Basically the
private endeavor tends to minimize research involving long term
returns or to avoid large initial capital investment in uncertain
development projects. From the private firm perspective this is
rational behavior. Greater capital risks or long pay-back periods
are not attractive to the corporate research manager who recog-
nizes that performance is evaluated on an annual or relatively
short term basis by executives and stockholders. Thus we can
expect the involvement of the private firms in energy R. & D. is
likely to be greatest where it tends to be an extension of past
energy choices. For instance, oil companies are likely to be natural-
ly more comfortable in pursuing ways to produce heavy oils, and
utilities will probably be more attracted to contemplating cogenera-
tion, than venturing into less familiar energy products and process-
es. The importance of recognizing this behavior pattern is that
some Federal research dollars will augment the private effort in
certain kinds of energy R. & D., while in other areas the Federal
effort may have to carry a much larger proportion of the burden.

The various technologies examined in this report must be re-
viewed and compared in this setting. It is clear from the outset
that a number of choices are available to us. First, for example,
there is the choice between new departures in energy supply and
the further refinement of established supply systems. The various
efforts must be funded by different combinations over time of
public and private funds. Nor can this process avoid the inevitable
difficulties encountered in the early stages of use of new technol-
ogies. As a consequence, for the balance of this century, the energy
supply rewards per Federal energy research dollar frequently may
tend to be higher if we intensify our exploitation of conventional
energy resources versus turning to new technologies and more
"exotic" energy sources. This is a reflection of the extensive quanti-
ties of conventional resources that still remain to be produced and
the ready adaptation by energy producers and users to improve-
ments in "old' technology. But equally important is the sharing of
the R. & D. plus commercialization costs by public and private
sources.

Second are those Federal research opportunities which have a
favorable combination of good resource potential coupled with a
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relatively low level of future research dollar requirements. Here,the rewards can be attractive even if the private sector is notextensively involved at present. In these cases, the amount ofenergy to be obtained over the next two decades may be large, orwe may have the advantage of being "well along" the learningcurve. Once these kinds of technologies are pushed successfullypast the demonstration stage, the private sector can be expected toenter rather quickly into actual commercialization.
Third are those research opportunities that include those R. & D.pathways where we cannot be very optimistic about the amount ofenergy available or retrievable in the next two decades from agiven energy source. This may or may not be coupled with a needfor large expenditures in research and demonstration plants. Thiskind of combination of unfavorable factors does not necessarilysuggest that Federal funds should not be expended, but that theenergy returns from these technologies (1) may not be capturedprior to the year 2000, or (2) may not produce large returns perFederal dollar of R. & D. support, according to current estimates.

This is not to say that Federal support is unwarranted in theseinstances, however, or that appreciable Federal support may not beappropriate at present for some of these technologies. Further, itmust be recognized that the pace of development of some of thesetechnologies is directly linked to Federal R. & D. policies, so thatearlier commercialization could result from greater support levelsor changes in development schedules.
Given these characteristics of energy R. & D., the expenditurepatterns that we now anticipate from the private sector and thepublished plans of the Federal establishment, primarily the De-partment of Energy, the question is where do the various researchactivities described in the individual chapters of this study fit intoour future energy picture?
The estimates provided here of the expected returns from energyR. & D. do not include the returns expected from customary, gradu-al improvements in our present methods of producing, processing,and delivering energy. The individual chapters have included anexamination of the state-of-the-art of producing coal, petroleum,natural gas, hydropower, and nuclear energy. However, in thissection, our comparison of the various energy R. & D. efforts willinclude only significant departures from past practices. Thus wewill include additional energy from the commercialization of terti-ary recovery of petroleum but will not account for the continuingimprovement of recovery using primary and secondary methods.Research on how to produce geopressured methane is included, butexpected improvements in drilling to greater depths or in deeperwater offshore are not. The conversion of coal to liquids and gasesis included but not improvements in underground mining efficien-cy. Demonstration of means to use low-head hydropower is includ-ed, but improvements in the design of dams and turbines is not.Table 12 clusters the technologies into groups based upon theprimary form of the original source of energy, e.g., coal, directsunlight, or moving water, as shown in the first column. Thesecond column of the table shows "best guest" estimate of thequantity of fuel or energy that possibly may be employed or deliv-ered by the technology, without respect to any given time frame.
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As discussed above, many of the energy resources and their tech-
nologies are already part of the Nation s developed energy capabili-
ty: the third column of Table 12 indicates what portion of the
resource potential is currently developed either in terms of energy
capacity (for flow resources) or as known reserves (for depletable
resources) as specified in the texts of the previous chapters. The
fourth column shows what that capacity or reserve is now contrib-
uting to meet current U.S. energy demand. The fifth column gives
the most recent available Federal R.D. & D. support figures for the
technology. The last two columns provide an indication of current
thinking regarding the contributions the technology might be ex-
pected to make to U.S. energy supplies in 1990 and 2000, typically
as a range of predictions by various experts in the field. A compari-
son of 1990 and 2000 can also give a sense of the pace of develop-
ment, and may indicate whether the trend after 1990 will be one of
continued improvement, stagnation, or decline.



TABLE 12. SUMMARY MATRIX OF ENERGY TECHNOLOGIES

POTENTIALLY DEVELOPED CURRENT CURRENT ESTIMATEDTECHNOLOGY RECOVERABLE CAPACITY OR CONTRIBU- FEDERAL RD&D POTENTIAL
RESOURCE 1/ RESERVES TION EXPENDITURE, CONTRIBUTION 2/

millions 1990 2000

Conventional energy sources:

Coal Combustion 437 billion 283 billion 770 102.5 (FY81) 1.1-1.2 1.2-1.7 COtons tons million billion billion <
tons tons tons
(1979)

Light-water nuclear 77 million 2.5 million 52 Gwe 412 (FY80) 131-182 131-300reactors tons U308 tons U308 Gwe Gwe

Natural gas 322-655 194.9 19.9 2.37 17.1 ----
trillion trillion trillion trillion
cu ft cu ft cu ft/yr cu ft/yr

Oil 50-127 27.1 billion 2.96 21.77 (FY80) 2.2 ----
billion barrels billion billion
barrels barrels/yr barrels/yr



POTENTIALLY DEVELOPED CURRENT CURRENT ESTIMATED

TECHNOLOGY RECOVERABLE CAPACITY OR CONTRIBU- FEDERAL RD&D POTENTIAL

RESOURCE 1/ RESERVES TION EXPENDITURE CONTRIBUTION 2/

_ 1990 2000

A. Coal-based technologies:

1. Coal liquefaction 437 billion None Negligible 250.3 (FY80) 100-200 0.5-1.2

tons 523.9 (FY81) thousand million
barrels barrels
oil equiv- oil equiv-
alent/day alent/day

2. High-Btu coal 437 billion Negligible Negligible 85 (FY80) 0.5-1 3.3 tril-C

gasification tons billion lion X

cu ft/day cu ft/day

3. Magnetohydro- 437 billion None None 80 (FY79) 500 Mwt 1-3 Gwt

dynamic power tons 71 (FY81 req)

generat ion

4. Other coal tech- 437 billion Negligible None None 0.1 Q 3 Q

nologies: tons
Combined-cycle
coal gasifier

5. Fluidized bed 437 billion Negligible 60 Mwe 37.2 0.8 Q 6.0 Q

combustion tons (FY 81 req)

6.-7. Low- and 437 billion Negligible Negligible 19 (FY81 req) 0.16-0.2 Q 1 Q

medium-Btu tons



POTENTIALLY DEVELOPED CURRENT CURRENT ESTIMATED
TECHNOLOGY RECOVERABLE CAPACITY OR CONTRIBU- FEDERAL RD&D POTENTIAL

RESOURCE 1/ RESERVES TION EXPENDITURE CONTRIBUTION 2/
1990 2000

B. Direct-sunlight technologies:

8. Agricultural ---- Negligible Negligible 38.1 (FY81 Negli- 0.2 Qand request, gible
post-revision)Ind us trial 

1.0OQ 2.0OQProcess Heat
Applications

9. Passive 7.4 Q/yr Negligible Negligible 33.4 (FY81 0.4 Q 1.1Q $Solar Energy 
req., post-
revision)

10. Photovoltaic --- Negligible Negligible 160.6 0.1 Q 0.8 Qenergy
conversion

11. Satellite power ---- None None 5.5 (FY80) None Nonestations

12. Solar heating ---- Negligible 250,000 45.2 (FY81 0.7 Q 2.4 Qand cooling barrels req., post-
for buildings oil equiv- revision)

alent1yr

13. Solar thermal ---- None Negligible 117 (FY 81 req) Negli- 0.4 Qpower con-
version Bible

I

I



POTENTIALLY DEVELOPED CURRENT CURRENT ESTIMATED
TECHNOLOGY RECOVERABLE CAPACITY OR CONTRIBU- FEDERAL RD&D POTENTIAL

RESOURCE 1/ RESERVES TION EXPENDITURE CONTRIBUTION 2/
1990 2000

C. Fluid hydrocarbon technologies:

14. Heavy oil 7.47-20.5 ---- 500 7.25 (FY80) I mil- I mil-
billion thousand 7.9 (FY81) lion lion
barrels barrels/day barrels/ barrels/

day day

15. Oil shale ---- None None 28.2 (FY80) 60-250 180-450
36 (FY81) thousand thousand

barrels/ barrels/
day day

16. Unconventional 782-3140 12.7-13.5 1.1 tril- 66.5 (FY 81) 2.1-9.6 ----
gas trillion trillion lion trillion

cu ft cu ft cu ft/yr cu ft/yr



POTENTIALLY DEVELOPED CURRENT CURRENT ESTIMATED
TECHNOLOGY RECOVERABLE CAPACITY OR CONTRIBU- FEDERAL RD&D POTENTIAL

RESOURCE 1/ RESERVES TION EXPENDITURE CONTRIBUTION 2/
1990 2000

D. Organic conversion technologies:

17. Energy from ---- Negligible 10 13.5 (FY80) 20.85 ----
municipal thousand thousand
solid barrels/ barrels/
wastes day oil day oil

equivalent equiv-
alent

18. Ethanol 28.8 billion 120 million 120 mil- Combined 7.2-41.2 54
gallons/yr 4/ gallons/yr lion ethanol and i billion billion

gallons/ methanol: gallons/ gallons/
yr yr yr

19. Methanol 447.3 trillion Negligible Negligible 18.45 (FY80) 14
gallons from Negligible billion
coal 24.9 (FY81) gallons/

year
250 billion
gallons from
wood

8.0-11.8 billion
gallons from
municiple solid
waste 5/



POTENTIALLY DEVELOPED CURRENT CURRENT ESTIMATED

TECHNOLOGY RECOVERABLE CAPACITY OR CONTRIBU- FEDERAL RD&D POTENTIAL

RESOURCE 1/ RESERVES TION EXPENDITURE CONTRIBUTION 2/

_ ~~~~~ ~~~~~~1990 2000

E. Nuclear technologies:

20. Advanced converter 7 million 2.5 million None 47(FY80) 15 percent 30

reactora tons U308 tons U308
savings percent
U 08 savings

1.6 million 150 thousand 3 U3P8

tons ThO tons ThO2

21. Breeder reactors 7 million 2.5 million None 742 (FY80) None Negligible

tons U O tons U O ore;
3 8 300,00a Pons

1.6 million depleted U308
tons Th0 2

150 thousand

tons ThO2

(See footnote 5)

22. Fusion Lithium-- None None 447 (FY80) None None

several
thousand
years

Deuter ium--
millions of years

F. System efficiency technologies:

23. Cogeneration ---- None None 25.87 (FY81) 0.26- 2-6 Q
1.52 Q

24.-25. Conservation/ ---- ----

efficiency



POTENTIALLY DEVELOPED CURRENT CURRENT ESTIMATEDTECHNOLOGY RECOVERABLE CAPACITY OR CONTRIBU- FEDERAL RD&D POTENTIALRESOURCE 1/ RESERVES TION EXPENDITURE CONTRIBUTION 2/
1 990 2000

C. Other technologies:

26. Fuel cells See: coal, None None 2(FY81) Negli- 2.5 per-oil, natural 
gible centgas 

fuel

sav ing27. Geothermal 23 Ge 1300 Mwe 663 Mwe 36 (FY81) 10 Gwe 20-40energy

15-16 Mwt 15-16 mwt 0.2-
0.4 Qt 0.5-2 Qt

28. Hydrogen ---- None None 23.1 (FY80) None None
23 (FY81)

29. Low-head 16.4 Gwe 3 Gwe 15 billion 18 (FY80) 6 Gwe 18 Ghydropower 
kwh/yr 18.2 (FY81) e

30. Ocean thermal 100 Gwe None None 40 (FY 80) None 3 Gwenergy con- 
39 (FY 81)vers ion

31. Wind energy 2,000 Gw 3 Mw 3 Mw 63.4 (FY80) Negli- 0.1-6 Q
77.9 (FY81-- gible--

passed 2.1 QHouse)



FOOTNOTES TO TABLE 12

1/ Data represent "best-guess" estimates 
by acknowledged experts of the

quantities of material available 
domestically that may be economically 

recover-

able by the year 2000.

2/ Data represent "best-guess" 
estimates by acknowledged experts of the

energy that may be available 
domestically by the respective 

times indicated.

3/ Figure represents 27.8 billion 
gallons from grain and 1.0 billion

gallons from sugar, assuming theoretical use of the total U.S. grain harvest--

plus grain that could be produced 
from acreage currently idled under Federal

supply control programs--and 
the total U.S. sugar harvest.

4/ Figure assumes conversion of 
all available coal, wood, and municipal

solid waste to methanol at present estimated 
conversion rates.

5/ Breeder reactors can produce 
approximately 60-100 times as much energy

per ton of uranium as light 
water reactors or advanced converter reactors.
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A word of caution is in order at this point. The expectations for1990 and 2000 are supply-side judgments of the potential for im-proving domestic energy output, as arrived at by various expertsover the past several years. In general, they do not reflect a de-tailed, comparative analysis of the future costs of these variousenergy outputs yielding a forecast of what would actually be pro-duced in competition with one another. Rather, these admittedlyintuitive estimates include a general, implicit inference that thecosts of the energy that might be derived from these sources (pre-suming that the R.D. & D. effort is successful) would probably beeconomically competitive in those future years. Therefore, theseestimates are not to be considered as predictions of the quantitiesthat would actually be produced and consumed in a competitiveenergy market. Nor should they be aggregated to arrive at a totalcontribution.
Each technology was then considered qualitatively from thestandpoint of its current state of development, the current level ofFederal R.D. & D. support, possible constraints that might serve tolimit or impede its smooth development, the R.D. & D. yet to beaccomplished before it appears likely to contribute significantly toU.S. energy supplies within the next two decades, and the estimat-ed potential contribution that it might conceivably make by 1990and 2000 provided that a suitable R.D. & D. effort should be bothadequately supported and successful.
Based upon this qualitative-and admittedly very sketchy-anal-ysis, the 31 technologies were arranged in three major categories: I,those which, regardless of the level of Federal research support,appear to have little prospect of making a significant energy contri-bution during the next two decades; II, those which may provideenergy contributions but which do not appear to require apprecia-ble additional Federal research support; and III, those which mayconceivably provide contributions by the year 2000 and most likelywill require further Federal support. The distribution of the tech-nologies among these three categories is shown in table 13.
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TABLE 13. ORGANIZATION OF ALTERNATIVE ENERGY TECHNOLOGIES
IN TERMS OF ESTIMATED ENERGY RETURN AND FEDERAL
SUPPORT REQUIRED

Category I. Little or no anticipated contribution prior to
2000 but requiring Federal R&D support

Breeder reactor
Fusion
Hydrogen
Satellite power stations

Category II. Significant contribution by 2000 anticipated but
Federal support considered negligible

Cogenerat ion
Conservation/efficiency
Passive solar

Category III. Significant contribution by 2000 anticipated and
Federal R&D support required

Advanced converter reactors
Agricultural and industrial process heat

applications
Coal liquefaction*
Energy from municipal solid wastes
Ethanol
Fuel cells
Geothermal energy
Heavy oil (including enhanced gas recovery
High-Btu coal gasification*
Low-head hydropower
Magnetohydrodynamic power generat ion*
Methanol
Ocean thermal energy conversion*
Oil shale
Other technologies for the utilization of coal:

Atmospheric fluidized bed combustion
Combined cycle gasifier
Low- and medium-Btu coal gasification

Photovoltaic energy conversion*
Solar heating and col cooling for buildings
Solar thermal power conversion*
Unconventional gas
Wind energy

*These technologies are only expected to make a contribution by year 2000 if
they receive extensive Federal RD&D support.
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Category I lists four energy technologies from the table 12matrix for which there does not appear to be a strong expectationfor a measurable quantity of energy to show up in the nationalenergy accounts by 2000. These are breeder reactors, fusion reac-tors, the use of hydrogen as an energy substitute for more conven-tional energy forms, such as natural gas, and satellite power sta-tions. At this point it is difficult to make refined economic judg-ments about their long-run potential. According to current expecta-tions their future contributions will not begin to be realized untilafter the year 2000. For example, a comparatively modest amountof research appears to be needed at the moment to continue toexamine the potential for hydrogen as a general purpose energytransmission medium. Fusion research is both highly technical andoperating at the frontier of science, so it may prove quite costly tomove it forward. Space-related activities are comparatively expen-sive, so the building and testing of a satellite power plant couldalso prove to be exceedingly costly. In these latter two cases, whilethe initial capital outlays will be large and perhaps should bebegun, there would appear to be adequate opportunity over anextended research period to examine the wisdom of the level anddirection of further effort. Breeder reactors might possibly be accel-erated in their development and commercialization, but policyproblems such as nuclear proliferation make such an accelerationhighly unlikely in the immediate future. In view of the relativelylong time-frame associated with each of these technologies, theirfurther consideration was taken to be outside the scope of thisreport.
Category II involves four areas of research where the need forFederal R. & D. would appear either negligible or non-existent. Incases such as these the process of bringing on these technologies ormethods does not necessarily require Federal R. & D. support.Rather the situation would seem to require private investment oftime and money to determine on an operational basis whether thepossibility for improving the efficiency of supply or delivery sys-tems in a certain way will prove economically attractive and rea-sonably reliable. This is the circumstance faced in passive solarsystems, cogeneration, and such conservation/efficiency possibili-ties as coal slurry pipelines, general improvements in energysystem efficiencies, cryogenic transmission, and the development ofinter-tied power grids. Energy efficiency through these endeavors isonly worth seeking if there will be a true net saving realized. In allof these cases something between 0.1 and 3.0 quads of energy savedmight be involved as we try to meet our energy supply needs in2000. The question appears not so much one of research, butwhether an individual or firm will be sufficiently attracted to trythese approaches. Using the sun to heat a shelter or a home is notreally new; it has been practiced for centuries. Various kinds ofdual cycles, cogeneration, and other energy producing systemsbecome useful when energy costs are high and the right configura-tion is present. The knowledge that electricity moves better atlower temperature or that coal may be piped in water suspension isnot new, but it requires the transmission companies to determinethe feasibility of so doing. In all of these cases, the introductionand evolutionary refinement of the technologies would appear to
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require the normal involvement of the manufacturers, producers,
and consumers, rather than the expenditure of Federal R. & D.
funds. Inasmuch as in this report we are primarily concerned with
the prospective energy return from federally-supported R.D. & D.,
these technologies were not considered germane.

It should be emphasized that the above comments concerning the
technologies grouped into categories I and II in no way represent a
dismissal or downgrading of the potential contribution these tech-
nologies might make to future U.S. energy supplies. Continued
Federal R.D. & D. may well be justified for technologies listed in
category I, and continued private-sector support may be forthcom-
ing for technologies listed in category II. No judgment of the merits
of such support, either Federal or private, is intended here. It
should also be noted that, were policies adopted to accelerate their
rapid deployment, some of the technologies-and especially the
breeder reactor-now given in Category I might well be given in
Category III, instead.

The remaining 23 technoligies, listed in category III, were then
regrouped-as shown in table 14-according to whether their esti-
mated energy returns by the year 2000 were likely to be large,
moderate, or small for a limited, moderate, or extensive Federal
investment. These estimates of both possible energy returns and
extent of Federal support are of course qualitative judgments of a
somewhat abritrary nature and simply represent a "best guess" as
to what our future course of action may be, based upon the infor-
mation given in each of the individual technology chapters
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TABLE 14. ESTIMATED RETURN ON INVESTMENT FOR TECHNOLOGIESREQUIRING SIGNIFICANT FEDERAL RDOD SUPPORT (CATEGORY III)

Estimated Extent of Federal ROAD Support Required
Return

Limited Support Moderate Support Extensive Support (I)

Large Heavy oil

Unconventional gas

Moderate Combined-cycle gasifier Advanced converter Coal liquefaction
reactors

Ethanol and methanol (2) Photovoltaic energy
conversion

Low- and medium-Btu Agricultural and
coal gasification industrial process

heat applications
Solar heating and
cooling of buildings Fluidized bed combustion

Wind energy Oil shale

Small Energy from municipal Fuel cells (3)
solid wastes

Nigh-Btu -coalGeothermal energy gasification

Low-head hydropower Magnetohydrodynamic
power generation

Ocean thermal energy
conversion

Solar thermal power
conversion

(1) Without extensive Federal RD&D support and a commitment to commercialization by theyear 2000, the technologies listed in this column might well have been placed inCategory I of table 13, rather than in Category III.

(2) Combined mid-range estimate (see table 12). Upper estimate would place thesetechniques in the long-range category.

(3) Were policies to be adopted to accelerate their rapid deployment, some of the tech-nologies now listed in Category I of table 1
3
--the breeder reactor in particular,and possibly satellite power stations--might well be listed here, instead, underCategory Ill.
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Considering first the technologies listed in table 14 under "Limit-
ed Support," the group includes heavy oil, gas from unconventional
sources, the combined-cycle gasifier, alcohol fuel (ethanol and
methanol), low- and medium-Btu coal gasification, solar heating
and cooling for buildings, wind energy, energy from municipal solid
wastes, geothermal energy, and low-head hydropower. Several of
these technologies have a number of factors in common. Quite
striking is that most of them are not new-we are well along the
learning curve for many of them. Drilling for oil and gas and the
movement of fluids in the reservoir have been studied for many
years. The production of alcohols-and especially ethanol-from a
variety of raw materials, as well as their combustion in internal
combustion engines, is familiar technology. We have been using
wind power for centuries, and its conversion to electric power is a
simple process. Although these technologies require some further
research, the primary need is to demonstrate that they have com-
mercial utility in today's energy markets. This should not involve
large expenditures of Federal funds over an extended period. Sub-
stantial private sector involvement can be expected, first in re-
search and later in product commercialization once the technology
is shown to be usable. Finally, the energy sources being tapped are
of appreciable size, so that the amounts of energy that each could
contribute by 1990 or 2000 is significant. Thus these technologies
possess all of the key factors-resource magnitude, familiar tech-
nology, potential for a competitive cost level, and good timing-
that make likely the prospect of a moderate-to-large energy return
for rather limited Federal support.

For several other technologies listed under "Limited Support,"
the key factors also tend to be mostly favorable but the combina-
tion appears less strong. For example, the combined cycle gasifier
would appear to be a good prospect but has the disadvantage of not
being quite as familiar a technology and may have some limits in
its early applications. In contrast, low- and medium-Btu gasifica-
tion are already "on-the-shelf" technologies that merely need some
demonstration efforts. However, there may be restraints on the
general utility of this quality of gas as an industrial fuel. Solar
heating and cooling techniques area also well-known and may
prove generally useful, but their widespread application still faces
a number of institutional, rather than technological, obstacles.
Solid waste conversion seems to have some favorable combinations
of economic factors, but its operational feasibility in actual urban
settings needs to be further established, and the total resource
recovery potential has upper bounds. Geothermal heat and the use
of our remaining undeveloped hydropower both suffer from either
the availability or usability of specific sites. Other than a lack of
experience in finding and developing geothermal resources, neither
of these two relatively low-grade energy sources seem to require a
"pure" research effort. Thus, although none of these technologies
would appear to require more than limited Federal support, the
above factors may serve to preclude more than a small-to-moderate
energy return for that support.

Considering next those technologies included under "Moderate
Support", we encounter technologies definitely less familiar or
well-developed than are those of the above group and which for
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various reasons can be expected to require considerably more Fed-eral support for their development. For example, the improvement
of future light water nuclear reactors involves achieving a higherthermal efficiency of the plant and more complete "burning" of thefuel charge. Better reactor design would enhance our efficient useof uranium resources as well as reduce costs. However, this kind ofcontribution to supply is limited both by the number or reactorsthat might be involved by the end of the century as well as theo-retical limits to achievable uranium burn-up. Agricultural and in-dustrial solar process heat require a definite research investmentto demonstrate their usefulness, but even if proved usable thereare limits on where such low grade heat will be useful. While oilshale technology is not new, it has never been tested on a commer-cial scale. The pace of its development, plus the large front-endexpenditures, seems to suggest the need for rather deliberate prog-ress over an extended period of time. Fluidized-bed combustion,like the combined-cycle gasifier discussed previously, also appears agood prospect but suffers the disadvantage of lack of familiarityand possible limitations in its early application. The fuel cell has avery limited potential for producing commercial energy by 2000,and the planned R. & D. funding is not very large. Thus, these"Moderate Support" technologies-although considered as poten-tially requiring significantly greater Federal support than the"Limited Support" technologies-may, over the next two decades,at least-involve a somewhat lesser energy return.

Finally, we consider under "Extensive Support" those technol-ogies which appear to require the greatest Federal support butwhich, at least by the year 2000, may not provide commensurate
energy returns. With one exception, the group reflects primarily
the large amount of Federal R. & D. support needed to achievefuture production of competitive energy. Moreover, the prior expe-rience with these technologies, while not necessarily totally new,does not include familiarity on a large, commercial scale. This istrue for coal liquefaction, high-Btu gasification, photovoltaic con-version, and solar thermal conversion. In the case ofmagnetohydrodynamics, both research and operating experience(demonstration) are required to move the state-of-the-art from itspresent basic level through plant demonstration. Without changesin current programming, there is little reason to expect any signifi-cant amount of energy output from these technologies by 2000.Ocean thermal energy conversion may be the one exception. In thiscase the amount of funds needed to demonstrate its feasibility isnot as large as for the others in the group, but the potentialcontribution by 2000 would appear to be relatively modest.

In reviewing the 23 technologies examined in table 14, it isobvious that in some situations a rather small amount of Federalsupport, frequently coupled with an important effort by the privatesector, may yield large energy rewards over the next twenty years.These situations involve innovation in the manner in which weextract oil and gas from the ground and the way in which weconvert very familiar sources of energy-agricultural products,coal, direct heat of the sun, and wind energy-into useful forms ofenergy that our energy consumers will find have become useful aswell as economic. It should also be noted that, without extensive



352

Federal R.D. & D. support and a commitment to commercialization
by the year 2000, the technologies listed in the last column of the
table might well have been placed in Category I, rather than in
Category III, of table 13.

There are also some important efficiences to be gained in our
supply stream that do not actually provide new energy but make it
possible to use less of our original energy resources in producing
and transmitting energy to the user. In many cases, although the
energy returns may not be as great as in some categories, R. & D.
is attractive because the Federal support requirements are low
while an aggressive energy industry takes advantage of opportuni-
ties on its own. Additionally, there are a number of R. & D. efforts
that should be pursued cautiously because the development effort
is large or we should avoid exaggerated expectation as to how
much can be accomplished by R. & D. in only two decades. And
finally, although outside the time-frame of this report, and there-
fore not included in table 14, there are technologies that can bene-
ficially be pursued because of the energy contributions they may
make beyond the year 2000.

The DOE now predicts that the United States will be using
between 75.4 and 84.3 quads of energy in 2000, not including con-
version losses estimated at about 29 quads., Thus, no single one or
combination of the technologies discussed in this report can satisfy
all of that need, no matter what our R. & D. might attempt and
succeed in doing. Given that some will fail to live up to expecta-
tions, some will do better than we now hope, or we may push R. &
D. harder than now anticipated, it does appear reasonable to
assume that R. & D. will make some significant changes in our mix
of energy sources and technologies by 2000. But much of the famil-
iar pattern of what currently supplies the bulk of our raw energy
supplies will still remain visible as we enter the next century.

With our present reliance on foreign oil for most of our incre-
mental energy supplies, it does seem wise to explore our R. & D.
options vigorously. Table 14 provides a qualitative indicator as to
the energy returns which can be expected and the extent of Feder-
al support that may be required for the further development of
each of these technologies.

I Energy Information Administration. 1979 Annual Report to the Congress, p. 165 (table 5.4).



LIST OF ABBREVIATIONS AND ACRONYMS
AECL-Atomic Energy of Canada, Ltd.
AFR-away from reactor
API-American Petroleum Institute
ASHRAE-American Society of Heating, Refrigerating and Air Conditioning Engi-neers
BATF-Bureau of Alcohol, Tobacco and Firearms
bcf-billion cubic feet
BEPS-building energy performance standards
BOS-balance of system
bpd-barrels per day
Btu-British thermal unit
BWR-boiling water reactor
CANDU-Canadian deuterium reactor
CDIF-component development and integration facilityCFTL-core flow test loop
COTV-cargo orbital transfer vehicle
CRBRP-Clinch River breeder reactor project
DEMO-demonstration reactor
DOE-Department of Energy
DPR-domestic policy review
EBFA-electron beam fusion accelerator
EBR-experimental breeder reactor
EEZ-exclusive economic zone
EIA-Energy Information Administration
EMB-Energy Mobilization Board
EPR-engineering prototype reactor
EPRI-Electric Power Research Institute
ERDA-Energy Research and Development Administration
ESCOE-Engineering Societies Commission on Energy, Inc.ESW-energy from solid waste
ETF-engineering test facility
FERC-Federal Energy Regulatory Commission
FFTF-fast flux test facility
FPUP-Federal photovoltaic utilization program
GAO-General Accounting Office
GCFR-gas cooled fast reactor
GCRA-Gas Cooled Reactor Associates
GEO-geosynchronous earth orbit
GRIST-gas reactor in-pile safety test
Gw-gigawatt
HBA-Helium Breeders Associates
HLLV-heavy lift launch vehicle
HTGR-high temperature gas reactor
HUD-Housing and Urban Development (Department of)HWR-heavy water reactor
IAE-International Energy Agency
IAEA-International Atomic Energy Agency
IDB-industrial development bonds
INEL-Idaho National Engineering Laboratory
INFCE-international nuclear fuel cycle evaluation
INTOR-international tokamak reactor
JET-joint European torus
JFPCC-Joint Fusion Power Coordinating Committee
kwh-kilowatt hour
LEO-low earth orbit
LMFBR-liquid metal fast breeder reactor
LOFT-loss of fluid test facility
LSA-low-cost solar array
LWBR-light water breeder reactor
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LWR-light water reactor
mbd-million barrels per day
MFTF-mirror fusion test facility
MHD-magnetohydrodynamics
m/s-meters per second
MSBR-molten salt breeder reactor
MSRE-molten salt reactor experiment
MSW-municipal solid waste
Mw-megawatt
Mwe-megawatts-electric
Mwt-megawatts-thermal
NASA-National Aeronautics & Space Administration
NRC-Nuclear Regulatory Commission
NSF-National Science Foundation
OEIC-ocean energy industrial complex
OS/IES-on site/integrated energy system
OTEC-ocean thermal enegy conversion
PBF-power burst facility
PCI-pellet-clad interaction
PLBR-prototype large breeder reactor
PLV-personnel launch vehicle
POTV-personal orbital transfer vehicle
psi-pounds per square inch
PWR-pressurized water reactor
R. & D.-research and development
R.D. & D.-research, development, and demonstration
RANN-research applied to national needs program
RDF-refuse-derived fuel
SASOL-South African Coal, Oil and Gas Corporation
SEINM-Solar Energy Institute of North America
SFC-Synthetic Fuels Corporation
SPS-solar power satellite
tcf-trillion cubic feet
TFTR-Tokamak fusion test reactor
USGS-U.S. Geological Survey
VHTR-very high temperature reactor
WECS-wind energy conservation system
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